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Abstract
The novel Ga(NAsP)-based semiconductors have recently grown in popularity due to 
appHcations such as development of energy efficient long-term stable semiconductor lasers 
on siUcon substrates for optical computing appHcations. GaAsSb-based active materials have 
also recently been extensively investigated for the development of temperature stable 
uncooled semiconductor lasers for 1.3 pm optical communications appHcations.
Electrical injection lasing operation at room temperature (Rl) is demonstrated in 
Ga(NAsP)/ GaP quantum weU (QW) lasers with a threshold current density, of 4 kA/cm^ 
at the lasing wavelength of 981 nm. From temperature dependence measurements we find 
that the threshold current is dominated by non-radiative recombination process (es), which 
account for at least 92% o fj^  at RT. The characteristic temperature, Tg (TJ is measured to be 
~104K (~99K) around 200K, which drops to ~58K (~37K) around RT. Hydrostatic pressure 
measurements reveal a strong increase in threshold current with increasing pressure. This 
impHes that current leakage dominates carrier recombination, which is also responsible for 
their low characteristic temperatures, Tg and T^  at RT.
The band-structure properties of novel B,^ Gai_^ P aUoys are also investigated. These layers 
are utilized as strain-compensating layers for the lattice-matched integration of Ga(NAsP) 
quantum weU lasers on an exact (001) siHcon substrate. Experimental and theoretical studies 
reveal the dependence of the direct and indirect band gaps for strained B^ ^Ga^ .^ P layers grown 
on siHcon as a function of Boron composition from which we derive the properties of free­
standing B j^Gaj.^P. For Boron fractions up to 6%. We find that the bowing parameter for the 
lowest (indicect) band gap is -6.2±0.2 eV. High crystaUine quaHty and promising optical 
material properties are demonstrated and appHed to monoHthicaUy integrated 
Ga(NAsP)/(BGa)P multi-quantum weU heterostructures on (001) siHcon substrates.
Electrical injection lasing operation is demonstrated for the first time up to 165K in 
Ga(NAsP)/(BGa)P QW lasers monoHthicaUy integrated on a (001) siHcon substrate. The 
devices show a of 1.6 kA/cm^at the lasing wavelength of 860 nm at 165 K. The Tg (TJ in 
the devices is ~198K (~99K) at 100 K, decreasing to ~73K (~35 K) at 165 K. Temperature 
dependence of the ‘"Z” analysis shows that Z^ increases from 1.7 at 40 K to 2.3 at 165 K. 
The value of Z^ < 2 at low temperatures signifies that the monomolecular (defect) current 
contribution at threshold in these devices is significant. The non-radiative contribution 
accounts for ~ 83% (of which at least ~40% is monomolecular recombination) of even at 
a low temperature of 165K. It is proposed that defects originate due to the non-optimized 
miscut angle of the sHicon substrate and due to diffusion of Nitrogen from active region to 
the barrier regions. A strong increase in with increasing pressure at 165K suggests the 
presence of carrier leakage.
The temperature and pressure dependence of for GaAsSb/GaAs QW lasers with 
different device characteristics are investigated. ThermaUy activated carrier leakage via defects 
is observed in the GaAsSb/GaAs QW devices. Devices grown under optimal conditions 
reduce the nonradiative recombination mechanism from 93% to. 76% at RT, compared with a 
device grown under non-optimized conditions. This improvement in carrier recombination 
mechanisms leads to a large improvement in the from 533 Acm'^/QW to 138 Acm'^/QW 
and the characteristic temperature, Tg (TJ from ~51K (~104K) to ~62K (~138K) near RT.
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Chapter 1
General introduction
1.1 Introduction and motivation
The first items of electronic equipment were made up of lO’s of components. Each 
component was optimized and manufactured separately and equipment was limited by cost, 
size and rehabhity. AU these factors were improved with the invention of the transistor in 
1947 [1]. FoUowing this, the invention of first integrated circuit in 1958 seeded the 
development of today’s information technology hardware. SUicon became the dominant 
material for the fabrication of integrated circuits because sUicon is one of the least expensive 
semiconductors to produce with good electrical properties (e.g. high mobUity, easy to process 
etc.), its raw material is abundant and it is easy to purify. SUicon based integrated circuits have 
been the backbone of today’s mature microelectronics technology for more than forty years
[2]. The increasing demand of sUicon based integrated circuits in computing applications 
necessitated miniaturizing the transistors in integrated circuits to include complex electronic 
functions in limited space with nainimal mass. In the 1960’s Gordon E. Moore predicted that 
the number of transistors in a sUicon based integrated circuit would double approximately 
every 24 months [3]. This early forecast has been shown surprising accuracy up to now and 
continues to be the guiding principle of the computing industry. The further rniniaturization 
of integrated circuits causes a significant increase in heat dissipation, which is a major concern 
for reducing energy consumption in information technology. Today, sUicon device’s power 
dissipation is limiting the performance across the entire spectrum of computing platforms
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from handheld consumer devices to workstations, and to mainframes and high performance 
computers [4]. To overcome this problem an active cooling component may be incorporated 
within the silicon based integrated circuits. However, the use of a cooling component requires 
additional power which is another major problem. Moreover, the issue of huge power 
consumption for data centres is being addressed by the optical communications industry [5]. 
In order to overcome a future energy crisis we need to develop a technology which requires 
lower energy consumption. By employing energy efficient optical technology it is possible to 
greatly reduce energy wastage through heating in conventional silicon based integrated 
circuits. This energy efficient optical technology is known as “green” photonics technology, 
as this would allow us to move towards a clean and energy efficient Hfestyle. The impact of 
this rapidly emerging technology is accelerating quickly. The compound annual growth rate 
from 2009 to 2020 translates into £328 bUhon in revenue for optoelectronic components by 
2020, of which £174 bUhon (or 53%) is the green photonics market share [5, 6]. Temperature 
stable uncooled semiconductor lasers are essential components for green photonics 
technology. The issues and challenges in the development of new thermally stable silicon 
compatible semiconductor laser material for optical computing applications is described in 
Subsection 1.1.1, 1.1.2 and 1.1.3. The necessity of developing thermally stable semiconductor 
laser materials for 1.3 pm optical communications applications is presented in Subsection 
1.1.4.
1.1.1 Silicon com patible laser materials
The operating speed of current computing devices is achieved by rniniaturizing integrated 
circuits to a very small micron-size scale. The miniaturization of integrated circuits in 
computer chips may face physical limits such as cross talk, RC signal delay and significant 
increase in heat dissipation. The heat dissipation may also cause rapid and major 
comphcations due to the generation of bit errors [7]. The only way to overcome this
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limitation is to give up on the mioiatumation of integrated circuits that is to say Moore’s law 
itself. Hence new concepts “Beyond Moore’s Law” are required for the rapid progress in next 
generation silicon microelectronics technology.
The optical processing unit comes as a solution of the miniaturization problem. In an 
optical processor, electrons are replaced by photons. This optical processor wiU require high 
bandwidth interconnecting links for high speed data transmission. Even recent electronic 
computer architecture has developed into multiple processing units, which require data 
transfer speeds of over 1000 GB/s [8], weU above the limits of electronics. Several concepts 
and new material systems have been investigated to improve the performance of current 
computing system beyond common pure silicon microelectronics technology, such as 
integrated circuits based on Spintronics [9, 10], carbon nanotubes [11, 12] or graphene [13, 
14]. In contrast to such technologies, recently optical inter- and intra-chip connections offers 
a potential solution to the power dissipation problem of today’s computing systems going 
beyond the Moore’s law. The key advantage of optical interconnects is the possibility to 
exploit many independent channels due to the high space-bandwidth and time-bandwidth. 
Optical signals can propagate through each other in separate channels with essentially no 
interaction, and can propagate in parallel channels without interference and crosstalk [15]. 
Moreover, optical data transmission reduces the power dissipation due to the absence of 
charge transport. The integration of optical data processing on micro-chip-level would benefit 
fiom the new concept of silicon photonics.
Silicon photonics has been a very active research area in recent years, with the ultimate 
goal of this rapidly emerging field being the integration of photonic and electronic devices 
[16]. Significant progress and performance breakthroughs in silicon-based lasers [17, 18], 
detectors [19], modulators [20, 21], and multiplexers/demultiplexers [22] have recently 
enabled the realization of hybrid integrated optical interconnects operating at terabit-per-
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second speeds, which are composed of an integrated silicon photonic transmitter and receiver 
chip [16]. This hybrid integration may provide high performance of integrated photonic 
circuits because photonic and electronic devices can be made of different material systems 
and both may be optimized for high performance [23, 24]. However, the relatively high cost 
of this approach, coupled with technical issues such as the variability and losses of the 
interconnects and the limitation in the placement of III-V devices relative to CMOS 
transistors may limit the performance and utility of this hybrid integration approach [25]. On 
the other hand, truly monolithic integration may reduce the cost by eliminating the packaging 
cost of individual photonic components and by processing a large number of devices on a 
single silicon substrate, which is attractive for commercial manufacturers due to the potential 
for high volume manufacturing. The key challenge using silicon as a monolithic integration 
platform is the lack of a silicon compatible laser. A commercial solution for the 
manufacturing of long term stable silicon compatible laser diodes has not yet been achieved, 
which is the key device component to finally realize the optoelectronic integrated circuits 
(OEICs) and to fuUy profit fiom the concept of silicon photonics.
It is difficult to achieve efficient light emission and gain in silicon. Due to the indirect 
band gap of silicon (as shown in Figure 1.1), non-radiative recombination mechanisms over 
the dominant carrier recombination mechanism for high carrier injection in silicon [26]. 
Several strategies have been proposed for producing lasers on silicon [27]. Stimulated Raman 
Scattering (SRS) at ~1670 nm is able to produce gain in silicon waveguides [28]. Silicon 
Raman lasers have been clearly demonstrated in a cavity based on the SRS gain [29, 30]. This 
method is the only purely silicon system and continuously tuneable near the infiared 
wavelength region, which has potential for telecommunications applications. However, the 
requirement of high intensity pump to achieve lasing makes this approach impractical and 
inefficient. Furthermore, having an external optical pump is self defeating since external long 
wavelength semiconductor source could just as easily be used. Another exciting approach is
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Figure 1.1: The direct (left) and indirect (right) band gap of semiconductor materials. Due to 
the indirect band gap of sihcon recombination occurs via phonons. As a result higher carrier 
injection is required to achieve a particular amount of emission in sihcon compared to the 
direct band gap III-V demiconductors.
the manipulation of sihcon nanocyrstals [31, 32], which has CMOS compatibihty. The 
luminescence (around 850 nm) from the sihcon nanocyrstals originates from the confined 
states [27]. Recently sihcon nanocyrstal LEDs have been demonstrated [33]. However, sihcon 
nanocyrstal lasers under electrical injection have yet to be achieved. On the other hand, many 
III/V  compound semiconductors are weU recognized for laser diodes due to their direct 
electronic band gap. This means that electrons in the conduction band can recombine 
efficiendy with holes in the valence band without the need for a phonon to conserve 
momenmm. Hence, direct band gap materials provide efficient hght emission and gain 
towards the reahzation of efficient laser diodes.
One approach to demonstrate exceUent optical material quahties of direct band gap III-V 
semiconductors with sihcon is through the use of wafer bonding as reported in [34, 35]. This 
approach is attractive because it combines the advantages of a III-V active region with the 
estabhshed sihcon/shica based waveguide structures. Although lasing has been observed at 
~1550 nm, the growth and fabrication is a slow and therefore cosdy process. In addition, the 
hfe time and thermal transport in these devices are key issues [36]. A preferred approach is
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monoHthic growth of direct band gap III-V material directly on silicon offering a more 
straight-forward CMOS compatible integration scenario. The development of novel direct 
band gap dilute nitride Ga(NAsP)/GaP material which can be grown monoIithicaUy on a 
silicon substrate is presented in Chapter 4. The performance and efficiency limitations in this 
novel material system are investigated in order to further optimize and improve the material 
quality.
1.1.2 Strain com pensating layers for the lattice-m atched integration o f silicon  
com patible laser materials on silicon substrate
The monoHthic growth of direct band gap III-V materials on an exactly oriented (001) 
sihcon substrate is a commercially viable approach for the manufacture of sihcon compatible 
lasers. However, it is difficult to grow the conventional direct band gap III-V materials on a 
sihcon substrate due to the large lattice mismatch between the III-V materials and sihcon. 
This lattice mismatch leads to the formation of crystal defects in the integrated III-V layer 
during the epitaxial deposition of III-V materials on shicon substrates. The crystal defects are 
problematic for the efficiency, thermal stabihty and long term stabhity of semiconductor 
lasers on sihcon substrates. In order to reduce the crystal defects (such as threading and misfit 
dislocations) in sihcon compatible lasers, various growth techniques have been investigated. 
Employing techniques to confine the lattice defects close to the III-V/ sihcon interface may 
be a probable solution [37, 38]. Such an example is low temperature growth of thin AIGaAs 
layer between the GaAs and shicon to grow defect free GaAs on a shicon substrate [39, 40]. 
This is due to the enhancement in the coverage of the shicon surface by the AIGaAs layer 
because the Al-Si bond strength is stronger than the Ga-Si bond strength [41, 42]. The use of 
self organizing quantum dots as dislocation filters is also a promising approach to reduce the 
crystal defects [43]. In this process, a thin GaAs buffer layer is grown on a shicon substrate 
(where high densities of threading dislocations are formed) foUowed by the multiple layers of
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self organized In(GaAl)As quantum dots. The threading dislocation formed in the 
GaAs/shicon interface propagates towards the base of the quantum dots. If the dislocation 
self-energy is equal or smaUer than the released strain energy due to the formation of 
threading dislocation then dislocation bending occurs [44-46]. As a result a portion of the 
threading dislocation ghdes below the quantum dot layer. A significant improvement in defect 
reduction in the GaAs/shicon interface also has been demonstrated using an aspect ratio 
trapping technique [47-49]. In this technique, GaAs is grown inside a SiO^ trench confined 
region on a shicon substrate. Here threading dislocations arising from the lattice mismatch are 
trapped at vertical side wahs confining the growth region [50].
The techniques mentioned above for reducing defects in the III-V materials on shicon 
substrates are sthl under investigation and a successful technique for defect free growth of 
III-V materials on shicon substrates has yet to be achieved. Recently, the defect free 
deposition of Ill-V nanostructures on silicon substrate has shown promising optical material 
quality [51, 52]. Such an example is the growth of InGaP/GaAs nanowires on a silicon 
substrate [53]. Due to the smaU cross section, the nanowires have increased abhity to 
accommodate the lattice strain in the Ill-V materials heterostructures [54-56]. Moreover, the 
growth of nanowires takes place layer by layer and with a single nucléation event per layer 
[57], which inhibits the formation of antiphase disorder. Recently InGaP/GaAs nanowire 
hght emitting diodes have been demonstrated [53]. However, the size of nanowires is hmited 
to critical diameters by their lattice mismatch with the sihcon substrate [58, 59]. Another 
similar approach is the growth of GaAs nanoneedles on sihcon substrate foUowed by the 
growth of InGaAs/GaAs quantum well on the GaAs nanoneedles [60]. The nanoneedles are 
single crystal wurtzite, free of crystal defects and are not hmited by lattice-mismatch critical 
diameters [61]. The nanoneedles are also large enough to facihtate standard top down device 
fabrication techniques. Optical injection lasing at room temperature has been realized in 
InGaAs/GaAs quantum well structure grown on GaAs nanoneedles on sihcon substrate [62].
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Although the growth of IIl-V nanostructures on sihcon substrates has shown promise to 
eliminate defects in III-V/ sihcon heterostructures, complexity in device fabrication with this 
approach is sthl a major concern. Some notable progress also has been demonstrated in 
reducing the crystal defects using a Ge-based active structures on a sihcon substrate. Ge, an 
indirect band gap material, can be band engineered to form a direct band gap material and can 
be grown on a sihcon substrate with reduced defect density [63-65]. However, the defect 
density in these devices remains too high to manufacture long term stable laser diodes on 
sihcon substrates. Recently dislocation-engineered sihcon hght emitters [66] and InAs/GaAs 
quantum dots grown on Ge-on-Si [67] have also shown potential for developing sihcon 
compatible hght sources. The approach presented in this work is able to overcome this 
fundamental issue by completely eliminating the threading dislocations in Ill-V/ shicon 
heterostructures. The indirect band gap material GaP has a very simhar lattice constant to 
shicon. A GaP based novel direct band gap dilute nitride Ga(NAsP) active material can be 
developed, which also has simhar lattice constant to shicon. More detahs about 
Ga(NAsP)/GaP material development whl be discussed in Chapter 4. A defect free GaP 
nucléation layer is required beforehand for the epitaxial growth of the Ga(NAsP)/GaP IIl/V  
material on an exactly oriented (001) sihcon substrate. The growth of GaP nucléation layer on 
an exact (001) shicon substrate involves a two-step process. During the first step a 
homoépitaxial shicon buffer is deposited on a (001) sihcon substrate. The GaP nucléation 
layer is deposited on the homoépitaxial shicon buffer during the second step. The defect free 
growth of GaP nucléation layers is discussed in detah in Chapter 6 . The smaU lattice 
mismatch between GaP and shicon becomes a crucial aspect in the deposition of defect-free 
thicker Ga(NAsP)/GaP III/V  materials. The defects are mainly nucleated during the epitaxial 
growth process. Hence, it is essential to adjust the lattice mismatch between the GaP layer 
and shicon substrate at the growth temperature (575-675°C in this material). The 
incorporation of smaU percentages of boron (B) into GaP ensures the adjustment of the 
111/V lattice constant towards that of shicon at the growth temperature. If the integral strain
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of the entire Ga(NAsP) quantum weU device structure becomes very high during cooling 
(from wafer growth temperature to room temperature) then the structure whl crack. Hence, 
precise strain management is necessary in the entire III/V  device structure to grow high 
quality material by using an appropriate amount of boron content in the GaP ahoy. Moreover, 
the design of an opticahy efficient Ga(NAsP) based quantum weU structure requires precise 
knowledge of the band gap properties of (BGa)P aUoys as a function of boron content. 
However, (BGa)P is a little known material system with httle pubHshed experimental data on 
its optical characteristics. In this work, the band structure properties of novel (BGa)P layers 
up to 6% boron content are investigated, which whl be presented in Chapter 5. The detahed 
experimental and theoretical studies are undertaken to reveal the dependence of the direct 
and indirect band gaps for strained (BGa)P layers grown on shicon as a function of boron 
composition from which the properties of free-standing B^ ^Ga^ ,,.? are also determined. 
Furthermore, to verify the suitability of this novel material for shicon integration, the crystal 
quahty and optical material properties are investigated from high temperature annealed lattice 
matched monohthicaUy integrated Ga(NAsP)/(BGa)P multi-quantum weU heterostructures 
(MQWHs) on a (001) shicon substrate, where a novel (BGa)P layer is used for strain 
compensation purposes. These whl also be presented in Chapter 5.
1.1.3 Optimization of Ga(NAsP)/(BGa)P quantum well lasers lattice-matched 
integrated on silicon substrate.
The development of the shicon compatible novel active material Ga(NAsP)/GaP 
(described in Chapter 4), (BGa)P strain compensating layer to adjust the lattice mismatch 
between the GaP and shicon (described in Chapter 5), and defect free growth of GaP 
nucléation layer (described in Chapter 6) have enabled us to demonstrate electrical injection 
lasing in Ga(NAsP)/(BGa)P/Si quantum weh lasers for the first time (also described in 
Chapter 6). However, it is necessary to investigate the carrier recombination mechanisms and
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temperature dependent processes in these devices to aid in the further design and 
optimization of the device structure. Temperature dependent measurements of laser 
threshold current, emission wavelength, differential quantum efficiency and pure spontaneous 
emission give an insight into the dominant carrier recombination mechanisms in the devices. 
Moreover, we also quantify the radiative, non-radiative and defect related recombination at 
lasers threshold, which is a major concern for the development of this novel shicon 
compatible laser approach. Pressure dependence measurements of laser threshold current, 
emission wavelength, and differential quantum efficiency helps to identify the specific non- 
radiative mechanisms and the origin of non-radiative recombination mechanisms in the 
devices, which is key information to further design and optimize the device structure. AU of 
these measurements are undertaken on Ga(NAsP)/(BGa)P/Si quantum weU lasers and 
described in Chapter 6 . The performance of two different device structures is compared to 
investigate the influence of device structure on the performance of devices. An optimized 
orientation of shicon substrate is crucial for the defect-free nucléation of the GaP layer on 
shicon substrate. The performance of Ga(NAsP)/(BGa)P/Si quantum weh lasers with 
different shicon substrate orientations are compared to investigate the influence of shicon 
substrate orientation on the device performance. This information is useful for the further 
optimization of Ga(NAsP)/(BGa)P/Si quantum weh lasers as part of next generation energy 
efficient green photonics technology, which whl be presented in Chapter 6 .
1.1.4 Energy efficient novel quantum well laser materials for optical 
communications applications
Bandwidth requirements of communication systems are increasing day by day. The 
bandwidth of a copper-based medium has fahed to meet these increasing bandwidth 
requirements because of its lower signal carrier frequency [68], losses and noise levels. 
Therefore a new technology is needed to meet the bandwidth requirements of next
CHAPTER 1 : GENERAL INTRODUCTION 11
generation communication systems. The communications industry was revolutionized with 
the advent of optical fibre communication systems (OECS) due to the enormous potential 
bandwidth, small size and weight, electrical isolation, immunity to interference and crosstalk, 
signal security, low transmission loss, ruggedness and flexibility, system reliability and ease of 
maintenance as well as potential low cost [69]. Long haul OFCS are operating successfully 
below fuU capacity in the 1.55 pm transmission window, where the low loss points of 
standard silica fibre occurs. The current bottle-neck of the OFCS has arisen due to problems 
communicating over relatively short distances, for example between cities and in metropolitan 
areas. This is the greatest challenge in optical communications, and requites new, improved 
semiconductor lasers for OFCS in the 1.3 pm transmission window, where the well known 
zero dispersion point of standard silica fibre enables fast, error free communication. Even so, 
due to the large scale of this system, a lot of research is sthl being completed to discover 
energy efficient and cheaper 1.3 pm semiconductor lasers [70-78]. The issue of huge power 
consumption by optical devices (Hke lasers) is being addressed by the optical communications 
industry. Most of this power is consumed by the active cooling components, which is 
integrated with the optical devices for thermahy stable operation. Hence, the development of 
uncooled, thermahy stable, energy efficient and cheaper semiconductor laser materials for the
1.3 pm transmission window is crucial for the next generation optical communication system, 
as part of energy efficient green photonics technology. The conventional InGaAsP/InP 
quantum weh material system used to make such lasers suffers from two problems: Firstly the 
poor thermal properties of InP-based lasers result in the need to incorporate sophisticated 
temperature control electronics into the package, leading to an order of magnitude increase in 
cost and energy [79]. Secondly, due to the lack of lattice matching and high refractive index 
contrast materials to form ah-epitaxial distributed Bragg Reflectors (DBRs), it is also very 
difficult to fabricate monoHthic Vertical Cavity Surface Emitting Lasers (VCSELs) in the InP 
material system [80, 81]. The GaAsj_,^Sb,^/GaAs laser materials presented in Chapter 7 may 
offer a solution in the search for an uncooled, thermahy stable, energy efficient and cheaper
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semiconductor lasers for OFCS. GaAs permits the growth of near lattice-matched 
GaAs/AIGaAs DBRs, which have superior optical and thermal properties when compared to 
other 111-V DBRs [82]. Furthermore, the fabrication of GaAs based 1.3 pm VCSELs can take 
full advantage of the industrial standard 850 nm VCSEL fabrication technology, which is 
attractive from a manufacturing point of view [82]. In this work, we have investigated the 
carrier recombination mechanisms and temperature dependent processes in GaAs^. 
^Sb,^/GaAs quantum well lasers to aid in the further design and optimization of GaAsj. 
,^Sb,j/GaAs lasers. The roles of growth temperature and device structures on the carrier 
recombination mechanisms are investigated. The effect of strain compensating layers and 
spacer thickness on the device performance is also investigated, which provides useful 
information for the further optimization of GaAs^.^^Sb^/GaAs lasers as a part of next 
generation green photonics technology, which whl be presented in Chapter 7.
1.1.5 Thesis aims
This is the framework of the work presented in this thesis. The goals are:
• To investigate the origin of non-radiative recombination mechanisms in novel 
direct band gap dilute nitride Ga(NAsP)/ GaP laser materials to further optimize 
this novel silicon compatible laser material.
• To investigate the optical properties and suitability of (BGa)P strain compensating 
layers for the lattice-matched integration of Ga(NAsP)-based laser materials 
grown on exact (0 0 1 ) silicon substrate.
• To quantify the radiative, non-radiative and defect related recombination in novel 
Ga(NAsP)/(BGa)P quantum well lasers lattice-matched integrated on a silicon 
substrate to further optimize and improve the device performance.
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To investigate the factors limiting the performance of GaAs .^^^Sb j^/GaAs laser 
materials to aid in the further design and optimization of GaAs .^^^Sb /^GaAs edge 
emitting lasers and VCSELs.
1.2 Thesis outHne
The work presented in this thesis is organized into chapters as follows:
Chapter 1 gives a brief preface, background history and motivation on the subject 
covered in this work.
Chapter 2 discusses the general background theory necessary to explain the work in 
this thesis, including basic semiconductor band structure, basic theory of 
semiconductor lasers, theory of different carrier recombination mechanisms and the 
effects of high hydrostatic pressure on semiconductor materials.
Chapter 3 introduces the various experimental techniques, set-ups and optical 
components used to conduct the measurements described in this thesis.
Chapter 4 investigates the efficiency limitations of novel direct band gap dilute nitride 
Ga(NAsP)/GaP laser materials. Temperature and high hydrostatic pressure 
dependence measurements are used to identify the origin of the non-radiative process 
to further optimize this novel silicon compatible laser material.
Chapter 5 investigates the band structure properties of (BGa)P materials as a 
function of boron composition. The suitability of (BGa)P materials as strain
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compensating layers for the lattice-matched integration of Ga(NAsP)-based laser 
materials on exact (0 0 1 ) silicon substrate is also investigated.
• Chapter 6 reports the lasing operation for the first time in novel Ga(NAsP)/(BGa)P 
quantum well lasers grown lattice-matched to exact (001) silicon substrates. The 
temperature and high hydrostatic pressure dependence measurements are used to 
quantify the radiative, non-radiative and defect related recombination to aid in the 
further design and optimization of laser performance.
• Chapter 7 investigates the performance limiting factors in GaAs .^^^Sb^ /^GaAs laser 
materials to aid in the further design and optimization of GaAs^.,^Sb,^/GaAs edge 
emitting lasers and VCSELs.
• Chapter 8 provides the conclusions and future plan of work presented in this thesis.
1.3 Chapter summary
In this chapter the relevant background history and motivation on the subject covered in 
this work have been presented. A review of the silicon compatible laser materials 
development and defect reduction between the III-V/ shicon interface was presented along 
with the aims and an outline of the thesis. Further relevant introduction and motivation is 
presented at the beginning of each chapter (where necessary).
Chapter 2
General theory
2.1 Introduction
Chapter 2 consists of six sections and discusses the general background theory necessary 
to explain the work in this thesis. Further theoretical discussion related to specific chapters is 
given in each chapter. Section 2.2 introduces semiconductor band structure followed by the 
basic theory of semiconductor lasers in Section 2.3. The theory of different carrier 
recombination mechanisms is described in Section 2.4 and Section 2.5. The hydrostatic 
pressure dependence of threshold current is discussed in Section 2.6.
2.2 Semiconductor band structure
The basic band structure of a direct band gap bulk semiconductor material can be represented 
in terms of conduction band (CB) and valence band (VB) separated by a forbidden energy 
gap as shown in Figure 2.1. The valence band is a combination of three sub-
15
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Figure 2.1: A simplified band structure of bulk semiconductor material, where CB and VB 
separated by a forbidden energy gap. VB consists of heavy-hole, Hght-hole and spin-orbit 
split-off bands.
bands, the heavy-hole, the hght-hole and the spin-orbit spht off bands. A parabohc 
approximation of the energy-momentum relationship can be used to describe the 
fundamental bands in Figure 2.1. According to the parabohc approximation the electrons and 
hole energy (E) dispersion in the CB and VB can be expressed as [83]:
2 ; 2
E = r k
2m
(2 .1)
Where h is Plank’s constant divided by 2ti, k is the wave vector, and m* is the effective mass 
of the electron or hole in the band. For the above parabohc model, the density of states of 
CB and VB in a bulk semiconductor can be written as [83]:
CTg (A) = An 
<J^{E) = A7T
J
y
(2 .2)
(2.3)
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Here, and E  ^are the energy of the conduction band rninirnurn and the valence band 
maximum, respectively. If a semiconductor material with smaller band gap is sandwiched 
between two larger band gap semiconductor material then a potential well forms. When the 
thickness of the potential well becomes smaller than the de Broglie wavelength of the 
electron (about 10  nm for semiconductors) then quantum effects become apparent due to 
confinement of the carriers in one direction. As a result, the density of states reduces 
significantly in a quantum well compared to the bulk semiconductor material, which has a 
profound effect on the performance of semiconductor devices. The density of states in the 
conduction and valence band of an unstrained quantum weU of width Lg can be written as 
[83]:
(2.5)
Where n is the nth energy level, and are the effective mass in the CB and VB for the 
nth electron and hole energy level, respectively.
The populations of electrons and holes in the CB and VB respectively are determined by 
both the density of states and the Fermi-Dirac occupation probabilities. As the typical 
electron-electron and hole-hole scattering time (typically ~ 1 0 0  fs) are about four orders of 
magnitude smaller than the average electron-hole recombination time (typically ~ 1  ns) one 
can assume that the electrons and holes are in thermal equilibrium and can be described using 
a Fermi-Dirac distribution. The probability of occupation of a state by an electron in the CB 
{f^{E)) and in the VB {f^{E)) is given by Fermi-Dirac functions:
1 +  e x p
V j
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Figure 2.2: A comparison of the carrier occupation (within the CB) between the 3D-bulk 
semiconductor and 2D-quantum weU. A higher proportion of occupied states at energies 
close to the CB edge in quantum well can be found compared to the bulk semiconductor 
material [84].
and 1
l + exp
E - E
k S
(2.7)
Here Ej^ and are the Quasi-Fermi levels (the energy where the probability of finding an 
electron is 50%) in the CB and VB, respectively, Boltzman’s constant and T is the 
temperature. Figure 2.2 shows a comparison of the carrier occupation (within the CB) 
between the bulk semiconductor and quantum well. It can be seen that a higher proportion of 
occupied states occur at energies close to the CB edge in a quantum weU compared to bulk 
semiconductor material. Since, gain occurs closer to the band edge a higher proportion of 
carriers are involved in producing gain in a quantum well material compared to bulk 
semiconductor material. The carrier density, for electrons and holes in each band is given by:
n= '[G ^(E )liE )dE
p=(ym(y-fÀE))dE
(2.8)
(2.9)
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Equations 2.8 & 2.9 are the basic functions to determine the populations of electrons and 
holes in the CB and VB respectively and wiU be used to understand the basic transitions 
within the semiconductor lasers being considered in this work.
2.3 Basic theory of semiconductor laser operation
The beginning of Section 2.3 discusses the different radiative transition processes 
(absorption, spontaneous and stimulated emission) and the condition of achieving gain from 
the radiative transition processes, followed by some basic theory of laser design (Fabry Perot 
cavity, carrier confinement, optical confinement, quantum weUs and strain). A theoretical 
discussion of laser performance parameters (threshold current, characteristic temperature and 
optical loss etc.) is presented at the end of this section.
2.3.1 Absorption
The absorption process is shown in Figure 2.3(a). When a photon with energy hv (where 
hv is greater than the band gap. Eg) is absorbed by an electron with energy E in the VB, the 
energy of the electron changes to E+/zv. As a result, the electron with energy E+/zv is 
excited from the VB into the CB and an electron-hole pair is created. The rate of absorption 
(q )^ depends on the density of electrons at energy E in the VB, the density of available states 
at energy E+/zv in the CB, and the density of incident photons with energy hv (P(Ep^J). 
Hence the absorption rate, r 2^ can be written as:
r, ,=BnO,(E)f,(E)aXE + h v ) ( \ - U E  + hv))P{EJ  (2.10)
Here, B 2^ is the Einstein coefficient for absorption. The absorption measurement is a useful 
technique to investigate the band structure of a semiconductor material. The surface photo­
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Figure 2.3: A schematic of different radiative transition preoesse in a semiconductor material. 
Absorption, spontaneous emission and stimulated emission processes are depicted at the left, 
middle and rignt in the figure, respectively. During the spontaneous emission, the probability 
of emission with phonon interaction (magenta arrow) is much lower compared to the direct 
band gap emission (black arrow) due to the requirement of phonon interaction for 
momentum conservation [85].
voltage technique measurement can be thought of as a type of absorption spectroscopy; for 
photons incident on the sample of energy hv, where hv is greater than the band gap energy 
Eg, electrons and holes are generated which separate in the internal field and generate a 
measurable open-ciccuit voltage (V^j. The apphcation of surface photo-voltage 
measurements to investigate the material band structure is described in Chapter 5.
2.3.2 Spontaneous emission
The spontaneous emission process is shown in Figure 2.3(b). When electrons from the 
E+ hv energy states in the CB randomly relax to the VB, a photon of energy hv is 
spontaneously created. Since the occurrence of spontaneous emission is a random process, 
the photons emitted from this process have random energy, phase and direction. The rate of 
spontaneous emission (cT"^ ”) is proportional to the density of electrons at energy E + /2V in 
the CB and the density of available states at energy E in the VB. Hence can be written
as:
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Here, is the Einstein coefficient for spontaneous emission. In the case of indirect 
transition the probability of emission with phonon interaction is much lower compared to the 
direct band gap emission due to the requirement of phonon interaction for momentum 
conservation. The direct measurement of spontaneous emission is a useful technique to 
investigate the recombination mechanisms in semiconductor lasers [86], which whl be 
discussed later in this section.
2.3.3 Stimulated emission
The stimulated emission process is shown in Figure 2.3(c). When a photon with energy 
hv interacts with an electron of energy E+ hv in the CB, the electron is relaxed to energy E. 
As a result, a secondary photon of energy hv is created. The secondary photon is identical in 
energy, phase and direction to the incident photon. This process provides optical gain in 
semiconductor lasers. Ah the performance parameters of semiconductor lasers are the result 
of optical gain and whl be discussed throughout this work. The rate of stimulated emission 
(r2j) is proportional to the density of electrons at energy E + /2V in the CB, the density of 
avahable states at energy E in the VB and the photon density with energy hv , and can be 
written as:
r^,=B,,aXE + hv)fXE + hv)c7X E ){\-U E ))P {E J  (2.13)
Here, ^ 2 1  L the Einstein coefficient for stimulated emission which can be shown to be equal 
to Bi2-
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2.3.4 Population inversion and gain
In order to achieve optical gain in a semiconductor material the stimulated emission rate 
is required to be larger than absorption rate (Tjj ). This effectively means that there has to be a 
higher density of electrons at E+ hv than at E. This condition is called population inversion 
and can be written as:
> 0  (2.14)
By substituting Equation 2.10 and 2.13 into Equation 2.14 we have,
Bcj^ (E + hv)(j^ {E)P{hv) [f,{E + hv)- / , ( E ) ] > 0  (2 .15)
which is true i f + hv) > f^{E) . By substituting Equation 2.6 and 2.7 into this relation we 
have,
E p -E j ,> k v > E ^  (2.16)
this is known as the Bemard-Duraffourg condition for population inversion [87]. When the 
separation of the Quasi-Fermi levels is equal to the emission energy (^ Ej-^  — hv) this is
called the transparency point. The required separation of Quasi-Fermi levels is achieved by 
injecting electrons in the CB and holes in the VB by applying electrical or optical pumping. 
The semiconductor lasers studied in this work (in Chapters 4, 6 and 7) are characterized 
under electrical injection. However, the band structure properties of bulk semiconductor 
material is investigated using optical pumping (in Chapter 5). An example gain spectrum is 
shown in Figure 2.4 where the active material is electrically or optically pumped beyond the 
transparency point. If hv = E^  ^— Ej  ^ then absorption and gain balance. If hv > E^  ^— Ej^ then 
the active material become absorbing and the total gain is negative. If Ej-^  — >hv> E^ 
then gain occurs with a peak energy at E^^. The gain peak largely determines the photon
energy of the lasing emission of a Fabry-Perot (FP) laser (the lasers studied in this work are
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Figure 2.4; A schematic of gain as a function of photon energy for a given carrier 
concentration. The photon wül experience gain if the photon energy is larger than Eg and 
smaller that [85].
Fabry-Perot edge emiting devices), which will be discussed more in the next subsection.
2.3.5 Fabry Perot cavity and threshold gain
Achievement of optical gain is not enough for lasing operation in semiconductor lasers. It 
is necessary to form a cavity around the gain medium, the most common being a FP cavity 
(as shown in Figure 2.5). The FP cavity consists of two parallel mirrors with the reflectivity Rj 
and R, to provide optical feedback which is an essential process to operate lasers. In a FP 
cavity the photons in the direction of the cavity axis are reflected back and forth. However, 
only a selection of wavelengths (modes) experience constructive feedback in a FP cavity. 
These wavelengths are selected based on satisfying the condition
with X— 1,2 ,3 . (2 .17)
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Figure 2.5; A schematic of Fabry-Perot laser cavity. The partial reflectivity of the FP cavity 
mirrors ensures the extraction of laser output beam and at the same time reflection of enough 
photon back into the cavity to continue the lasing process [85].
corresponding to a longitudinal mode of the FP cavity. From Equation 2.17 it can be seen 
that a cavity with length and refractive index g can allow a maximum wavelength of 
m^ax ~ ' l^^ c^av uiode Spacing AT , where
AT = T' (2.18)
here the mode closest to the maximum of the gain spectrum whl lase. The partial reflectivity 
of the FP cavity mirrors ensures the extraction of laser output and at the same time reflection 
of enough photons back into the cavity to sustain the lasing process. However, due to the 
partial reflectivity of at least one of the laser facets (to collect the laser output beam) a portion 
of generated photons are lost. Moreover, there are some loss processes in the laser cavity 
such as; free carrier absorption, scattering and inter-valence band absorption which will be 
discussed later in this section. For the edge emitting lasers studied in this work, the cavity is 
formed by cleaving two ends of laser chip along the same crystaUographic plane. In fact this is 
the most common design of mirrors in edge emitting lasers. This process forms a facet at 
each end of laser cavity which are parallel to each other on an atomic level of accuracy. The 
reflectivity is determined by the refractive index of the laser material and surrounding material
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(generally air). For a typical III-V semiconductor laser (as studied in this work) in air the 
reflectivity of the facets is ~0.3, which may be increased or decreased by facet coating.
The threshold gain (g^ of semiconductor lasers is defined as the modal gain, where the gain 
equals to aU the losses present in the device and can be written as [88];
(2d9)
where a. is the total internal loss per unit of length (further described later in this section) 
and r  is the optical confinement factor, which describes the fraction of the optical field that 
overlaps the active region. 6%^ is the mirror loss and can be defined as [88];
1 ,=  In (2.20)
When g^ is reached the carrier density in the active region no longer increases since every 
additional injected electron-hole pair recombines to produce stimulated emission and the 
lasing process starts. The required carrier density to reach g^ is known as the threshold carrier 
density (n j .
2.3.6 Optical confinement
Subsection 2.3.3 showed that stimulated emission process is dependent on both carrier 
density and photon density within the laser cavity. Hence, it is required to maintain the 
highest possible photon density to maximize the stimulated emission rate and at the same 
time allowing sufficient laser power to escape. During the propagation of the Hght field along 
the laser cavity the optical field extends in both the growth (z) and transverse (y) directions. 
Hence, the photon density can be increased by confining the optical field in these directions. 
In the growth direction optical confinement is achieved by sandwiching the active region
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between two or more layers of material with lower refractive index (cladding layers). An 
example of index guiding in a typical double heterostructure laser is shown in Figure 2.6. It 
confines a large fraction of the optical field by means of total internal reflection at the 
cladding layer interfaces, where the degree of confinement is calculated by the refractive index 
step A// = jJL^ — f \  between the active region and cladding layer. In the transverse dkection 
optical confinement can be achieved by either index guiding or gain guiding. However, index- 
guiding is much more difficult to fabricate in the transverse (Erection. Gain-guided optical 
confinement is achieved by a weak current induced change in refractive index across the 
active region due to the non-uniform carrier distribution. The broad area lasers studied in 
Chapters 4 and 6 of this work rely only on gain-guiding to confine the optical field in the 
transverse direction. On the other hand, the ridge waveguide lasers studied in Chapter 7 of 
this work rely on weakly index-guiding to confine the optical field. In this structure, 
following the epitaxial growth (molecular beam epitaxy growth technique in this case) of the 
complete device structure, the wafer is etched to produce a ridge (in this work 2-32 pm wdde). 
The wafer is then selectively coated with a dielectric and metallised. The complete device 
structure is described in Appendix D. The weak index-guiding is achieved by the large 
refractive index step between the active region material and the dielectric and surrounding ah.
2.3.7 Carrier confinement
Besides optical confinement (as described in Subsection 2.3.6), improvement in carrier 
confinement also enhance the semiconductor laser performance significantly. In a 
homojunction (consisting of a single p-n junction) laser, only in the narrow depletion region 
(Figure 2.7(a)) at the junction are electrons and holes present simultaneously allowing 
radiative recombination to happen. The carriers escape from the junction quickly due to the 
lack of carrier confinement [89-91]. Moreover, the low refractive index change across the 
junction can not confine the optical field and hence it extends into the absorbing region.
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Figure 2.6; A schematic of index guiding in a typical double heterostructure laser. A large 
fraction of the optical field can be confined by means of total internal reflection at the 
cladding layer interfaces.
Figure 2.7(b) shows that a double heterostructure laser structure improves the carrier 
confinement significantly. A thin active region (0.1-0.3 pm width) is sandwiched between p- 
and n-type cladding layers of large band gap. Electrons and holes can move freely into the 
active region but cannot easily escape from the active region due to the potential barrier of 
the cladding layer. This results in an increase in optical gain in the active region, where the 
width of the gain region is determined by the active region width. Moreover, large band gap 
semiconductor materials have lower refractive index than those of smaller band gap materials. 
Hence, besides carrier confinement, double heterostructure lasers also provide optical 
confinement as discussed in Subsection 2.3.6. These improvements in laser design reduced 
the threshold current density of semiconductor lasers by over two orders of magnitude 
compared to the homojunction lasers [92-95]. Carrier confinement can be further improved 
by a quantum well structure which wiU be discussed in the next subsection.
2.3.8 Quantum wells
A quantum weU is achieved by reducing the thickness of active layer of the double 
heterostructure to the order of the de BrogUe wavelength of the carriers (about 10 nm for
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Figure 2.7: A schematic of carrier confinement in (a) homojunction lasers, (b) double hetero 
junction lasers and (c) quantum well lasers. In a quantum well laser the carriers can not escape 
easily from the quantum well into the separate confinement heterostructure region due to the 
large potential barriers between the well and barrier material [84].
semiconductors) as described in Section 2.2. Figure 2.7(c) shows that the quantum well is 
then additionally cladded with a thick layer of large band gap material, which is known as the 
separate confinement heterostructure (SCH) for light. In a quantum well structure the 
injected carriers rapidly diffuse into the thin quantum weU layers and recombine there. 
However, the carriers can not escape easily from the quantum weU into the SCH region due 
to the large potential barriers between the well and barrier material. The main advantage of 
quantum wells is that the density of states reduces significantly in a quantum well compared
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to the bulk semiconductor material. The calculation of density of states in bulk and quantum 
well material is shown in Section 2.2. Figure 2.2 suggests that higher proportions of carriers 
are involved in producing gain in a quantum well material compared to bulk semiconductor 
material. Hence, the quantum well structure reduces the threshold current density of the 
device significantly compared to bulk semiconductor lasers. Other advantages of quantum 
wells include the fact that the wavelength can be partially controlled by the quantum well 
thickness and the fact that quantum wells can accommodate strain, the advantages of which 
are discussed in the next section. A multi-quantum well structure may further improve the 
device performance compared to single quantum well devices. A multi-quantum well laser has 
higher optical confinement factor and higher differential gain at threshold (because the gain 
versus carrier density is a logarithmic function in a quantum well) compared to a single 
quantum well device. As a result, a multi-quantum well device has reduced threshold carrier 
density (n^J and quasi-Fermi level splitting. These result in a reduced threshold current 
density with a longer emission wavelength compared to single quantum well lasers. Since the 
non-radiative processes (e.g. carrier leakage) are strongly dependent on carrier density, hence 
carrier leakage in a multi-quantum well device may be reduced. The advantages of multi­
quantum well structures compared to single quantum well structure are described in Section
6.4 in Chapter 6 and Section 7.4 in Chapter 7.
2.3.9 Strain
A method to improve the performance of semiconductor lasers is the incorporation of 
strain into the quantum wells [96, 97]. If a thin epilayer of lattice constant, a  , (active 
material) is grown onto a much thicker substrate of lattice constant, , the epilayer is in 
biaxial stress. The net strain ( f ) o f  the layer in the (X-Y) plane can be written as:
fo =4",= (2.21)
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Here, a  . > causes a compressive strain and a  . < causes a tensile strain as illustrated 
in Figure 2.8. The effect of strain on the band structure is discussed with relevant theory in 
Section 5.3 of Chapter 5. The energy of the strain increases with the increasing thickness of 
the epilayer. Above a particular thickness (which is known as critical thickness) it becomes 
energetically favourable to release strain energy by the formation of dislocations. It is 
therefore important to keep the thickness of the strained layers below the critical thickness.
The GaAsgySboj quantum well is highly compressivly strained (~2.7%) [82]. The 
GaAso ySbo 3/ GaAs single quantum well lasers studied in this work are grown (described in 
Section 7.5 of Chapter 7) with and without tensile strained GaAsggPg  ^ layers (to form an 
alternating sequence of tensile and compressive strained layers) to investigate the effect of 
strain management in this material system. A multi-quantum well structure can be used to 
improve the device performance as described in Subsection 2.3.8. However, the strain in the 
quantum weU may limit the number of quantum weUs that can be grown without misfit 
dislocations. To overcome this problem, strained multi-quantum weU lasers may be grown 
with strain-compensated weUs and barriers, when there are many strained quantum weUs, 
thereby providing a large strain in the weUs, whilst reducing the overaU strain in the structure. 
The GaAsgjSbo 3/ GaAs multi-quantum weU lasers studied in this work (described in Section
7.4 of Chapter 7) is grown with strain-compensated weUs and barriers (using a GaAsogPo.i 
strain compensating layer as a barrier) to increase the maximum number of quantum weUs 
that can be grown without formation of misfit dislocations. The novel dilute nitride 
Ga(NAsP) quantum weUs studied in this work are also highly compressively strained (~2.5%) 
[98]. In order to grow the defect or misfit dislocation free Ga(NAsP)-based lasers on an exact 
(001) silicon substrate precise strain management is necessary in the entire III/V  device 
structure. The novel (BGa)P strain compensating layers are investigated and applied to grow 
Ga(NAsP)/(BGa)P/Si multi-quantum well heterostructures with high crystalline quality, 
which will be discussed in Chapter 5.
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Figure 2.8: A schematic of strain in epitaxial heterostructure, (a) a < causes a tensile 
strain and (b) a > causes a compressive strain.
Strain in the epilayer can be spht into axial [s^)  and hydrostatic components [88]. The
a^x sphts the cubic symmetry of the semiconductor and hence hfts the degeneracy of the 
heavy-hole and the hght-hole band at the E point. Moreover, the valence band dispersion 
becomes anisotropic. In case of compressively strained quantum wehs as studied in this work, 
the heavy-hole band is moved to higher energy with respect to the hght-hole band (as shown 
in Figure 2.9) and in-plane (x-y) electron effective mass becomes tighter than the mass in the 
growth (z) direction. Due to the tighter in-plane mass of the highest hole band in 
compressively strained devices the density of states is smaller than the unstrained material. As 
a result, the carrier concentration required to reach population inversion is reduced. Hence, it 
reduces both the unwanted spontaneous emission as well as carrier density dependent non- 
radiative processes tike Auger recombination and carrier leakage. Tensile strained quantum 
wells also improve the device performance in a different way. However, this work only
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Figure 2.9: A schematic of band structure for a bulk-like direct band gap semiconductor in (a) 
unstrained (b) tensile strained and (c) compressively strained condition. In case of 
compressive strained quantum weU studied in this work, the heavy-hole band is moved to 
higher energy with respect to the Hght-hole band.
involves compressively strained quantum wells and, hence tensile strain wiU not be discussed 
further here. Further information about tensHe strained quantum wells can be found 
elsewhere [99-103].
2.3.10 Threshold current
In a semiconductor laser the lasing operation starts after the device current exceeds a 
critical value caHed the threshold current (I^J. At laser threshold, there is sufficient gain (g^ 
to equal aU the losses present in the device. This threshold gain is described in Subsection 
2.3.5. However, not aU the current flowing in a semiconductor laser participates in increasing 
the gain through the stimulated emission process. The threshold current of a semiconductor 
laser can be written in terms of radiative and non-radiative processes as:
^th ^rad ^non-rad ^leak (2.22)
CHAPTER 2: GENERAL THEORY
3
(0
3o
50000
40000
3 0 0 0 0 -
O) 2 0 0 0 0 -
10000
0
250 300100 150 200
Current (mA)
Figure 2.10: Light-current characteristic of a GaAsSb/GaAs triple quantum well laser at room 
temperature. The threshold current is determined by the intersection of the two tangents 
drawn below and above threshold. The differential quantum efficiency is determined by 
measuring the slope above the threshold current.
where is the current that contributes to the radiative recombination, I„Q„_rad is the 
current that contributes to non-radiative recombination such as defect and Auger 
recombination, //g^ i^s the current corresponding to carriers escaping from the active region 
and recombination somewhere else either radiatively or non-radiadvely. More details about 
Equation 2.22 will be described in Subsection 4.3.2 of Chapter 4 (Equation 4.1). The 
threshold current of a semiconductor laser can be determined experimentally by measuring 
the facet emission as a function of current, as shown in Figure 2.10.
2.3.11 Differential quantum efficiency
The differential quantum efficiency, (also known as external quantum efficiency) is 
defined as the rate of change of incremental number of photons emitted from the laser facets 
with respect to injected electrons per unit time and can be written as:
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^d =
dL e 
dl hv
(2.23)
here, E  is the total Hght output power from both facets of the laser; e is the electronic charge 
and hv is the emitted photon energy. The differential quantum efficiency of a semiconductor 
laser can be determined experimentally by measuring the slope of the light-current 
characteristics curve above threshold as shown in Figure 2.10. The differential quantum 
efficiency as a function of temperature is very useful to investigate the carrier recombination 
mechanisms in a semiconductor laser, which wül be described in Subsection 2.3.13.
2.3.12 Internal quantum efficiency and internal optical loss
The differential quantum efficiency can more generally be defined as [88];
V d = l i (2.24)
here 77. is the internal quantum efficiency. In the ideal case above the threshold current, every 
injected carrier in the laser produces a photon and hence 77. = 1 . However, in a practical laser 
not aU of the injected carriers produce a photon (depending on laser material quality and the 
geometry of the laser). Equation 2.24 can be rewritten as:
(2.25)
y
Now from Equation 2.20 and Equation 2.25 we have.
Vd
2
Vi In
y
(2.26)
here — R2 is the reflectivity of the facets which is =0.3 for as cleaved devices.
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The internal quantum efficiency of a semiconductor laser can be determined experimentally
by plotting the inverse of the measured external quantum efficiency as a function of cavity 
length. According to Equation 2.26, the intersection on the 1 /  7/^  axis is equal to the inverse
of internal quantum efficiency (1 /77J .  Moreover, from the slope of the plot we can also
calculate the total internal loss per unit length (a,). The determination of the internal
quantum efficiency and internal optical loss as well as theit significance to describe the 
physical properties of semiconductor lasers is presented in Chapters 4 and 7.
2.3.13 Characteristic temperature (To and Ti)
The lasers studied in this work for optical computing (in Chapter 4 and 6) and 
communications (Chapter 7) applications are required to produce a temperature stable output 
power over a wide temperature range. However, in the semiconductor lasers the threshold 
current (output power) increases (decreases) rapidly with increasing temperature (T) as shown 
in Figure 2.11. The rate of change of various recombination processes with increasing 
temperature may change the threshold current at different rates with increasing temperature. 
The characteristic temperature (Tg) is a measure of the temperature stability of the threshold 
current (1^ and can be defined as:
To =
1 dl.
t h
\hh
(2.27)
Tg can be determined experimentally from the reciprocal of the slope of natural log of 1^  ^
versus T curve. Equation 2.27 shows that a smaller change in threshold current with 
increasing temperature gives a higher Tg value. Hence, a higher Tg value (ideally infinite) is 
desired. The various recombination processes which contribute to the total threshold current 
(as shown in Equation 2.22) have different temperature dependencies, hence the Tg value can 
provide a tentative indication of the dominant recombination process in the semiconductor
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Figure 2.11: Light-current characteristic as a function of temperature for a GaAsSb/GaAs 
triple quantum weU laser. The threshold current increases and external quantum efEciency 
decreases with increasing temperature.
lasers. For an ideal quantum well laser where radiative recombination dominates, one can 
expect that Tq (radiative) = T, at room temperature. For Auger dominated recombination, Tq 
(Auger) = T/3. Finally, for defect dominated recombination, T  ^ (Defect) = 2T/3. A detailed 
description of the temperature dependencies of radiative, defect and Auger process can be 
found in [104]. Similar to Tq, T^  determines the temperamre stability of the differential 
quantum efficiency (j]^) and can be defined as:
 ^ \ _ d ^  ' 
% dT
(2.28)
Tj can be determined experimentally from the reciprocal of the slope of natural log of rj^  
versus T curve. Similar to Tq, a large T^  value (—1000 K near room temperature [105]) is 
desired for semiconductor lasers.
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2.3.14 Current density for infinite cavity length
The current density for infinite cavity length (J^)  indicates the significance of optical loss 
in semiconductor lasers. can be determined experimentally by plotting the threshold 
current density as a function of inverse cavity length. The intersection on the current density 
axis is equal to the current density for infinite cavity length. The determination of and its 
significance to describe the physical properties of semiconductor lasers is presented in 
Subsection 4.3.1 of Chapter 4.
Although the performance parameters described in this section are useful to describe the 
performance of semiconductor laser, a more detailed understanding of carrier recombination 
mechanisms are required to further optimize the design and improve the performance of 
semiconductor lasers. The basic theoretical description of different carrier recombination 
mechanisms is described in the next section.
2.4 Carrier recombination mechanisms
The beginning of Section 2.4 discusses the radiative recombination process followed by 
different non-radiative processes (monomolecular recombination and Auger recombination). 
The carrier leakage process is discussed at the end of this section.
2.4.1 Radiative recom bination
The dominant radiative recombination mechanism below threshold is the spontaneous 
emission process as described in Subsection 2.3.2. The shaded areas in the band diagram 
(Figure 2.12) represent the states occupied by injected carriers. Assuming non-degenerate 
conditions and Boltzmann statistics, the radiative current flowing through a semiconductor
CHAPTER 2: GENERAL THEORY
CB
mO )
HE
LK
Wavevector, k
Figure 2.12: Schematic of a radiative transition process. The shaded areas in the band 
represent the occupied states by injected carriers.
laser is proportional to the square of carrier density (as there are two carriers involved and 
assuming, n=p) and can be written as [88]:
(2.29)
where V is the pumped volume of the active region, B is the radiative recombination co­
efficient and n is the carrier density.
2.4.2 Non-radiative recom bination
In the case of non-radiative recombination, carriers recombine without the creation of 
photons. The major non-radiative processes (monomolecular recombination and Auger 
recombination) in semiconductor lasers are discussed below.
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2.4.2.1 Monomolecular recombination
Monomolecular or defect-related (also known as Shockley-Read-Hall) recombination 
happens when an electron or hole recombines via the defect or trap states within the band 
gap. Monomolecular recombination due to a trap state is shown in Figure 2.13. The defects 
are primarily created during material growth due to crystal imperfections, such as misfit
CB
F r -
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level
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Figure 2.13: Schematic of monomolecular recombination due to the recombination via the 
trapped or defect state within the band gap.
dislocations, impurities and vacancies. Defect-related recombination is a single carrier process 
and the rate of defect recombination is dependent only on the trapped carrier density, hence 
it can be written as [88]:
(2.30)
where A is the monomolecular recombination co-efficient. A minimal defect-related 
recombination is desired requiring a high quality material. In defect-related recombination.
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carriers recombine non-radiatively producing heat which is problematic for long term stable 
semiconductor laser operation. Moreover, defect-related recombination increases the 
threshold current degrading device performance.
2.4.2,2 Auger recombination
If the energy released from electron-hole recombination is given to a third carrier which is 
then excited to a higher energy state then the process is called Auger recombination. A 
schematic of an Auger recombination process is shown in Figure 2.14. The hot carrier then 
relaxes back to lower energy by producing phonons which produces heat and hence is 
problematic for temperature stable semiconductor laser operation.
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Figure 2.14: Schematic of an Auger recombination process. The energy released from 
electron-hole recombination is given to a third carrier which is then excited to a higher energy 
state.
Auger recombination is highly undesirable in semiconductor lasers. Auger recombination 
can be classified based on the bands involved in each particular process. During an Auger 
recombination process the momentum and energy must be conserved throughout the
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transition and hence the Auger process is dependent on the band structure. Auger 
recombination is more important in longer wavelength semiconductor lasers since the 
momentum and energy conservation condition can be met more easily due to the smaller 
band gap. Auger recombination processes involve three carriers. Considering n=p, the Auger 
current can be written as [88]:
(2.31)
where C is Auger recombination coefficient. Auger recombination is highly temperature 
sensitive. The thermal spread of carriers increases both C and n .^ As a result Auger 
recombination increases significantly with increasing temperature.
2.4.3 Carrier leakage
The performance of semiconductor lasers can be further limited by carrier leakage. In the 
ideal case, all of the injected carriers in a quantum well laser are expected to be confined in 
the quantum well. Carrier leakage is a process where the injected carriers escape from the 
active region and recombine elsewhere radiatively or non-radiatively. A schematic of the 
carrier leakage process is shown in Figure 2.15. The carriers from a quantum well may escape 
if 1) the carriers gain sufficient thermal energy to overcome the potential barrier and 2) if the 
carriers diffuse into the cladding region. Hence, the leakage current depends on the properties 
of the barrier region, the band offset and temperature. The leakage current due to the 
diffusion in the barrier region at the heterojunction interface can be written as [106]:
(2.32)
Where D is the diffusion constant, L is the diffusion length and is the carrier density
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Figure 2.15: Schematic of carrier leakage in a double hetero junction lasers. The light grey 
shaded region shows the carrier distribution in the conduction band and the deep grey shaded 
region are the carriers that have probability to leak into the barrier region.
above the potential barrier. can be estimated from [107]:
= r ^c(E)f,(E)dE (2.33)
where Eg = r^hamer ~ ^fc thG CB barrier height. Considering »  k T , using the Boltzman
approximation the carrier distribution in the barrier can be determined as 
l^eak ^  exp(-E^ / kT) [106] and hence the leakage current can be written as:
kT
(2.34)
where Iq is a constant and contains the diffusion parameters of the barrier material. The 
temperature dependence of the leakage current has been shown as [106]:
kT
(2.35)
CHAPTER 2: GENERAL THEORY 43
Hence, the leakage current has a large temperature dependency and can cause the poor 
thermal characteristics of semiconductor lasers. The carriers escaped from the active region 
may recombine either radiatively (but do not participate in the lasing process as they have too 
high energy) or non-radiatively. Hole leakage is lower than electron leakage due to their 
higher effective mass and hole Fermi-level is typically above the VB maximum at threshold.
2.5 Inter-valence band absorption and free carrier absorption
The inter-valence band absorption (IVBA) process occurs when a photon is re-absorbed
in the valence band, eg. by an electron in the spin-orbit split-off band which is excited to the
top of the valence band [108]. A schematic of an inter-valence band absorption process is
shown in Figure 2.16. This absorption process increases the internal optical loss per unit of 
length {cc^ ). As a result, the threshold carrier density increases and the differential quantum
efficiency above threshold is reduced. Figure 2.16 also shows that the probability of the inter­
valence band absorption process is dependent on the occupation probability of the suitable 
hole state (2’) where the electron fiom the spHt-orbit split-off band (T) can be excited into. It 
implies that semiconductor lasers with slightly bigger optical band gap compared to its spin- 
orbit spht-off band will have higher probability of inter-valence band absorption, as the re­
absorption may occur much closer to the T point, where the hole population density is high. 
Moreover, increasing the density of holes in the VB (by using p-doping) may also increase the 
probability of inter-valence band absorption.
Free carrier absorption (FCA) occurs when a photon is absorbed by a free carrier causing 
the carriers to occupy a higher energy state. The FCA process may contribute to internal 
optical loss and increase the threshold current density. FCA occurs in the conduction band 
where the photon energy is absorbed by an electron or in the valence band
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Figure 2.16; Schematic of an inter-valance band absorption process. The emitted photon 
generated by spontaneous emission process is absorbed by another electron in spin-orbit 
spht-off band, which in turn excited into a hole in the VB maintaining the energy-momentum 
conservation rule.
where the photon energy is absorbed by a hole. The FCA may also occur in the barriers if 
there is a high free carrier density in these layers.
2.6 Hydrostatic pressure measurements
The apphcation of hydrostatic pressure (using hquid or gas as pressure transmission 
medium) on semiconductors reduces the lattice constant without significantly affecting the 
symmetry of the crystal. In most III-V semiconductors the apphcation of hydrostatic 
pressure causes both the T-rninimum and L-rninima energy gaps to increase with respect to 
the VB maximum (however the increase in L-tninima is not as fast as hke T-rninimum) but 
the X-minima energy gap reduces with respect to the VB maximum. A schematic of the 
typical movement in T-, L- and X nainima for GaAs material with increasing pressure is
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shown in Figure 2.17. A detailed discussion on the rate of change in T-, L- and X- rninirna 
with increasing pressure in conventional III-V semiconductor material can be found in [109]. 
The pressure coefficient of the band gap can be used to investigate the optical transition 
characteristics [110]. Carrier recombination mechanisms described in Section 2.4 are 
influenced by the band structure. Conventional methods to change the band structure to
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Figure 2.17; Schematic of typical movement of T-, L- and X rninima with increasing pressure 
for GaAs.
investigate the recombination mechanisms, involve growing a series of devices with a range of 
active region alloy compositions. The high costs involved with growing several wafers and the 
difficulty in keeping doping densities and layer thicknesses identical mean this method can be 
unreliable. By using high hydrostatic pressure to reversibly alter the band-structure of one 
device, the recombination mechanisms can be efficiently probed. Different recombination 
mechanisms have different band gap dependencies as shown in Figure 2.18. In the case of an 
ideal quantum weU laser, the radiative current is proportional to the square of band gap, i.e.
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had ■ Hence, in a radiatively dominated ideal laser the threshold current wiU increase 
with increasing pressure proportional to . If a semiconductor laser is dominated by Auger 
recombination mechanism then the threshold current wiH usually decrease with increasing 
pressure due to the reduction in Auger coefficient (the carrier density at threshold is 
approximately constant with pressure). For deep level defects, the band gap change does not 
affect the defect related recombination. Hence, if the threshold current of a semiconductor 
laser remains unchanged with increasing pressure then it suggests that the device may be 
dominated by monomolecular recombination due to defects. The increase of leakage current
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Figure 2.18: Pressure dependence of radiative, defect and Auger current taken from [34].
with increasing pressure (P) depends on the pressure coefficient of both the Fermi level and 
the level where the carriers wTl leak, hence it can be written as [109]:
^leAP) = h  exp
dE P
dP kT j
where dE I dP — I dP -  dE / dP , and is the energy of the leakage level.
(2.36)
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2.7 Chapter summary
In this chapter, the relavent background theories for the experimental work in this thesis 
have been described. The basic band structure of semiconductor materials, basic theories of 
semiconductor lasers, theories of carrier recombination mechanisms in semiconductor lasers 
and hydrostatic pressure measurements are described briefly. Further relavent theories to 
specific chapters are given at the beginning of every chapter.
Chapter 3
Experimental arrangements
3.1 Introduction
This Chapter will introduce the various experimental techniques, set-up and optical 
components used to conduct the measurements described in this thesis. The electrical 
characterization arrangements used to investigate the carrier recombination mechanisms and 
origin of loss mechanisms in processed semiconductor lasers are described in Section 3.2. The 
optical characterization arrangements used to investigate the material band structure 
properties are described in Section 3.3.
3.2 The electrical characterization arrangements
This section consists of four subsections. A brief description of the basic electrical circuit 
used to provide power to the devices is presented in Subsection 3.2.1. The laser mounting 
and electrical connection to the lasers is described in Subsection 3.2.2. The experimental
48
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arrangement for temperature dependence measurement of threshold current, emission 
wavelength, differential quantum efficiency and pure spontaneous emission is presented in 
Subsection 3.2.3. The high hydrostatic pressure measurement set-up to investigate the 
specific non-radative mechanisms is described in Subsection 3.2.4.
3.2.1 The basic laser measurement system
Figure 3.1 shows the basic laser measurement system which is used to measure the facet 
and spontaneous emission as a function of temperature and pressure. The circuit shown here 
is able to drive the semiconductor lasers [D] under forward and reverse biased current. AU the 
electrical characterization set-ups are connected to a desktop computer [A] using a National 
Instruments GPIB 1EEE488 interface bus [ J ]. The experimental set-ups are controUed by 
desktop computer using a program written in LAB VIEW software. The semiconductor lasers 
investigated in this thesis are characterized under square current pulse regime as shown in 
Figure 3.2. In the pulsed current regime the semiconductor laser is switched on for a smaU 
period of time. As a result, the internal heating of the lasers can be substantiaUy reduced. The 
fraction of “on” time is known as the duty cycle and can be determined as:
duty cycle (%) = — x 100 = /F’ x 100 (3.1)
where t is the width of the pulses, T is the repeatition time of the pulse and F = 1 /T  is the 
repetition frequency of the pulses. Due to the low dynamic impedance of the laser diodes in 
forward bias of typically ~2-3 Ohms, a 47 Ohm resistor [C] in series with the laser is 
necessary in order to match the impedance of the connecting cable (50 Ohm). The pulsed 
drive current is provided by a voltage puiser [I] (BNC 6040+202H, AVTECH lOOllBl), 
which additionally provides a TTL output signal, which is used to trigger the oscilloscopes
[G] (TEKTRONIX TDS3052). The amplitude of the current pulses is measured by means of
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Figure 3.1; Basic experimental set up for the stimulated and spontaneous emission 
measurements of semiconductor lasers.
[A] Computer system running LAB VIEW 8.5.
[B] Laser mount: - Probe station for room temperature measurements.
- Closed cycle cryostat for below room temperature measurements.
- Peltier Heater-Cooler system above room temperature measurements.
- 1 GPa pressure system for pressure dependence measurements.
[C] 47 Ohm resistor.
[D] Laser diode.
[E] Detector:- Large area or fiber coupled InGaAs detector for facet emission measurements.
- Optical spectrum analyzer for spontaneous emission measurements.
[F] Temperature controller.
[G] Oscilloscope.
[H] Current probe.
[I] Voltage puiser.
Q] GPIB 1EEE488 interface bus.
a current probe [H] and the resulting signal is measured and analyzed using an oscilloscope. 
The lasers are mounted in bare-chip form on a laser cHp that is able to collect spontaneous 
emission from a window milled into the n-side contact of the laser as well as the stimulated 
emission from the facet of the laser. This clip is described in detail later in this section. The
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clip can be mounted in different kinds of temperature and pressure controlling equipment [B] 
depending on the experiment required.
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Figure 3.2: A sketch of device current as a function of time under square current pulse 
regime.
The semiconductor lasers investigated in this work have emission wavelengths between 
800 and 1300 nm. The selection of appropriate detector [E] is very important to effectively 
collect the emitted Hght. Typical InGaAs detectors (ILX Lightwave OMH-6708B, ILX 
Lightwave OMH-6727B, HP81521B, ANDO AQ2140, ANRITSU ML910B) cover the 
wavelength range of this work. Appropriate detectors for particular experimental 
requirements were selected. Initial device characterization is carried out under laboratory 
conditions (room temperature and pressure) on a probe station. During this measurement 
laser cHp collects only the facet emission which is detected by a larger area InGaAs detector 
(ILX Lightwave OMH-6708B, ILX Lightwave OMH-6727B).
3.2.2 Laser clip and mounting the laser
The correct mounting procedure to ensure good electrical connections to the n- and p- 
contacts of the laser as well as sufficiently heat sinking is immeasurably important to produce 
rehable results. The cHp that holds the lasers plays the main role in the experimental setup for 
these purposes. The cHp also provides the possibiHty to collect stimulated emission from the
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Figure 3.3: Schematic of the cHp design used to contact and heat sink the laser chips and to 
extract spontaneous emission of the window in the device substrate.
[A] Base plate.
[B] Insulating layer.
[C] Lever to adjust the device position.
[D] Top contact /  spring cHp.
[E] Laser device.
[F] Bush.
[G] Optical fiber for collection of spontaneous emission.
facet of laser and spontaneous emission from the window in the substrate contact of laser 
without changing the laser characteristics. A schematic of the cHp used in this work, as 
originaUy developed by Sweeney [111] is shown in Figure 3.3. It consists of a base plate [A], 
an insulating layer [B], and a top contact cHp [D], which is bent into shape, acting as a spring 
and making contact to the device [E]. The base plate provides the heat sinking and the 
connection to the n-side contact of the laser. The lever [C] can be pressed to release or load a 
device.
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Figure 3.4: Schematic of the modified chp design with both p- and n- contacts at the top side. 
Original drawn by Dr. Shirong Jin.
[V] Base plate.
[W] Insulating layer.
[X] Top n-contact.
[Y] Top p-contact.
[Z] Bush.
Finally, where measurement of the spontaneous emission is required, an optical fibre is 
mounted onto a bush [F] using a high strength epoxy-based glue, polished and secured to the 
base plate, allowing the end of the fibre to be in close proximity to the window for optimum 
light collection [G]. The lasers investigated in Chapter 6 of this work were grown on a thick 
(300 pm) non-conducting silicon substrate and have both p- and n- contacts at the top side of 
the lasers. To measure these leasers the top contact chp in Figure 3.3 is modified to two chps 
as shown in Figure 3.4. Using this modified chp both n- and p- contact to the devices can be 
made from the top side.
3.2.3 Temperature dependence measurement setup
The temperature dependence measurements are divided into two parts, below room 
temperature and above room temperature. Below room temperature the devices were 
mounted on the chps shown in Figure 3.3 or Figure 3.4 (based on the geometry of the lasers)
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and characterized in a closed cycle helium cryostat. A sketch of the closed cycle helium 
cryostat is shown in Figure 3.5. The helium gas is compressed in an external compressor (not 
shown in Figure 3.5) and pumped into the cold head. The rapid expansion of the compressed 
hehum gas within the cold head reduces the temperature of the cryostat. The device clip is 
mounted on a cold finger which is connected to the cold head. An electrical heating coil is 
attached to the cold finger and close to the device clip. This allows control of the temperature 
of the device in the range of 12 — 300 K  using an external temperature controller (OXFORD 
ITC 502S) which is connected to the heating coü. A silicon diode thermistar is placed under 
the base plate (just below the device) to measure the temperature of the device. The cold 
components in the cryostat are kept in a vacuum chamber to stop freezing of the 
components by condensed air. A rotary and turbo pump is used to create the vacuum in the 
cryostat chamber. Electrical wires (to connect the device) and optical fibres (to collect the 
facet and spontaneous emission of the device) are connected into the vacuum chamber 
through vacuum scales. For the cryostat measurements the collection of the facet emission is 
fibre coupled and the detector consists of a Peltier-cooled InGaAs detector (HP81521B, 
ANDO AQ2140, ANRITSU ML910B). The spontaneous emission is collected via an optical 
fibre and is analysed with an optical spectrum analyser (ANDO AQ6315A, OCEAN 
OPTICS HR4000). For temperature dependence measurements above room temperature a 
Peltier Heater-Cooler system (ILX Lightwave LDT-5910) is used with an operating 
temperature range of ~290K - 370K. In this case the facet emission is detected directly by the 
large area InGaAs detector (ILX Lightwave OMH-6708B, ILX Lightwave OMH-6727B).
3.2.4 Pressure dependence measurement setup
A three stage hehum gas pressure system was used for pressure dependence measure­
ments. A sketch of three stage gas pressure system is shown in Figure 3.6. The hehum gas is 
successively compressed in the stages operated by a hydrauhc oil pump. The hydrauhc
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Figure 3.5: Schematic of the of closed cycle Hehum gas cryostat.
[A] Compressed Hehum gas.
[B] Hehum gas return.
[C] Connections to vacuum gauges and pumps.
[D] Electrical access to the device.
[E] Cold finger.
[F] Observation window.
[G] Device in probe chp.
[H] Silicon thermistor.
[I] Heating coil.
Q] Optical fibre to coUect spontaneous emission.
[K] Optical fibre to cohect facet emission.
|L] Optical fibres to OSA and detectors.
[M] To voltage source and current probe.
[N] Cold head.
oh pump pushes the piston in each stage very slowly to ensure a slow (isothermal) 
compression of hehum gas required for the thermal stabhity of the compressed gas. The gas 
pressure sensor reading is cahbrated to zero before starting the experiment to ensure the 
accurate pressure reading during the measurement. The gas is taken from a hehum cylinder 
until the gas pressure is reached to 8-15 MPa. The maximum pressure that can be apphed by 
the gas pressure system is 1500 MPa (15 kbar). The fkst, second and third stage can increase
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Figure 3.6; Schematic of the three stage Hehum gas pressure system. The hydrauhc oh from 
the pump pushed up the pistons (numbered as 1, 2 and 3) in turns to increase the gas 
pressure by reducing its volume. The oh and gas valves control the piston position and 
segmentation of the gas volume, respectively.
the gas pressure up to a maximum of 70 MPa (0.7 kbar), 350 MPa (3.5 kbar) and 1500 MPa 
(15 kbar), respectively. The oh valve controls the flow of ohs to control the piston position in 
each stage. The gas valve ahows the segmentation of the gas volume corresponding to the gas 
pressure reading. However, we note that the pressure ceh (made up of Copper-BeryUium) 
hmits the maximum operating pressure of our gas pressure system up to 1000 MPa (10 kbar). 
The hehum gas leak around the pressure seals in the third stage and around the seals of the 
device mount in the pressure ceh may further hmit the maximum reachable pressure. The 
hehum gas is very fluid in nature and can eashy leak. For this reason, for every pressure 
experiment new seals are used and cleaned carefuUy. The compressed hehum gas is passed to 
the pressure ceh using a caphlary tube. The device is mounted in the pressure ceh (before
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applying pressure). A schematic of the gas pressure ceU is shown in Figure 3.7. The tube 
shaped pressure cell has two ends with a removable plug. The removable plug of one side 
holds the device mount and the other side holds an optical window (sapphire window) to 
collect the output emission from the device. Vespel seals are used to support the electrical 
access to the devices. From Figure 3.7, it can be seen that semiconductor lasers with p- and n- 
contacts at the top and bottom sides can be eashy mounted in the laser clip. However, the 
laser clip depicted in Figure 3.4 cannot be employed in the pressure ceU (due to its larger size 
compared to the pressure cell diameter) to characterize the laser structures described in 
Chapter 6 (both p- and n- contacts are at the top of the device). To characterize the laser 
structure with lateral contact under pressure the whole laser bar is used instead of a single 
laser. The n-contacts of all lasers are common in this laser structure. The p-contact of the 
device is connected by the conventional laser clip (as discussed in Subsection 3.2.2) of the 
pressure cell. The n-contact at the comer of the laser bar is then connected with the base 
plate using conductive silver adhesive. However it needs to be ensured that the conductive 
silver adhesive does not make contact with any other device’s p-contact. AU the pressure 
related components are kept inside a buUet proof chamber for safety purposes and operated 
from outside. After completion of the pressure experiment the gas is released into the 
atmosphere before accessing the device again.
The great advantage of the gas pressure system is its capabUity to aUow pressure 
dependent measurements as a function of temperature. This aUows us to investigate the 
recombination mechanisms as a function of both temperature and pressure. The helium gas 
as a pressure transmission medium aUows us to go down to a low temperature of lOK. The 
pressure ceU (with mounted device) is placed inside a cryostat. The operating principle of this 
cryostat is simUar to the cryostat described in Subsection 3.2.3. The sapphire window of the 
pressure ceU is aUgned with the observation window of the cryostat. However, the size of the 
vacuum chamber in this cryostat is very big compared to the cryostat described in Subsection
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Figure 3.7: Cross section of a high pressure cell. Originally drawn by Dr. Shirong Jin. The 
removable plug of one side holds device mount and other side holds optical windows 
(sapphire window) to collect the output emission from the device.
3.2.3. For this reason, it is difficult to get a good enough vacuum to reach down to a very low 
(~10K) temperature using this cryostat. However, we were easily able to take pressure 
dependent measurement down to 80K which is sufficient for most studies. For the pressure 
dependence measurements, the stimulated emission from the facet of the laser is collected 
with an optical fiber in close proximity to the laser. The other end of the fibre is then 
positioned either near to a detector (HP81521B, ANDO AQ2140, ANRITSU ML910B) or at 
the input of an optical spectrum analyzer (ANDO AQ6315A). A large area detector (HP- 
8153A, ILX Lightwave OMH-6708B, ILX Lightwave OMH-6727B) also may be used to 
measure the facet emission. If the pressure cell is placed inside the cryostat then the facet 
emission is collected from the observation window using a fibre or broad area detector.
3.3 The spectroscopic characterization arrangements
This section describes the optical characterization techniques used to investigate the 
optical properties of the semiconductor wafer materials in this work. Initially, due to its
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simplicity, photoluminescence (PL) and photo-modulated reflectance (PR) spectroscopic 
techniques were attempted on aU samples at room temperature and low temperature to 
investigate the band structure properties. Transmission, photo-modulated transmission and 
electro-modulated reflectance (ER) spectroscopic techniques were also tried at room 
temperature on aU samples. However, none of those spectroscopic techniques gave a 
measurable signal. This led us to investigate surface photo-voltage spectroscopy, in order to 
find a spectroscopic method that worked on aU the samples. The background theory of 
surface photo-voltage spectroscopy wUl be discussed in Chapter 5. The experimental 
arrangement of surface photo-voltage spectroscopy is described in the next section.
3.3.1 Surface photo-voltage measurement setup
The experimental setup for surface photo-voltage spectroscopy (SPV) measurement is 
shown in Figure 3.8. Each sample [S] was mounted on a copper [Cu] plate with conductive 
silver adhesive to act as the earth, whUst the front contact was formed with a fine copper wire 
attached to the sample surface with a smaU drop of conducting silver paste, with the incident 
light directed to the vicinity of the drop. The sUver paste can be easUy removed with organic 
solvents. Hence this method of contacting the samples is a completely non-destructive 
technique. The probe light for the SPV measurement was provided by focusing the output 
from a monochromated broadband source [MBS] using lenses [MJ and [MJ. The MBS is 
operated with a band pass of 3 nm. The SPV was measured in the standard way with the 
sample at normal incidence, using an order-sorting filter [F] and chopper [Ch] at a frequency 
of 340 Hz in front of the monochromator output sHt. The modulated SPV open-circuit 
voltage [VqJ was measured using a lock-in amplifier [LA] connected to a computer [PC]. The 
measured SPV signal depends on the variation of the MBS intensity with wavelength X, i.e. 
the incident photon flux cp(X) on the sample, which is responsible for the generation of the 
SPV signal, and so it is necessary to account for this. Thus an independent measurement of
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Figure 3.8: Experimental setup for system response and SPV measurements. The inset of 
shows the SPV sample mounting arrangement, which replaces the UV-enhanced Si detector 
‘D ’.
cp(A.) is required, a spectrum often referred to as the “system response”. This was performed 
by using the arrangement depicted in Figure 3.8 using for ‘D ’ a UV-enhanced silicon detector 
of known wavelength-dependence.
3.4 Chapter summary
In this chapter, the apparatus and measurement procedures required for the investigation 
of semiconductor lasers and materials in this work were introduced. The basic laser 
measurement system is described followed by the brief description of the different types of 
laser clips used in this work. The newly designed laser chp to measure the lateral contact 
sihcon compatible lasers was described in detail. Temperature and pressure dependence
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measurement set-ups were also described. Mounting of lasers with lateral contacts inside the 
pressure cell using conventional laser chp was mentioned. The SPV measurement set-up was 
described in detail.
Chapter 4
Efficiency limitations o f Ga(NAsP) quantum well lasers on GaP 
substrate
4.1 Introduction and motivation
An energy efficient semiconductor laser on a sihcon substrate is crucial for photonic 
integrated circuits. This is of great importance for “green” photonics technology as this would 
allow us to move towards a green, clean and energy efficient hfestyle. The key issue of 
developing green photonics technology is the conservation of energy by combining the 
advantages of optical data processing with today’s mature sihcon based microelectronics 
technology. One of the key challenges for this merging of technologies is the lack of a lattice- 
matched laser on sihcon substrate, which has yet to be achieved. A preferred approach is 
monohthic growth of III-V material directly on sihcon offering a more straight-forward 
CMOS compatible integration scenario. Figure 4.1(a) (taken from [112]) summarizes the 
electronic energy gap plotted as a function of lattice constant of the common III-V 
semiconductors and shicon. The large lattice mismatch between conventional III/V  laser
62
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materials like GaAs or InP to silicon (as shown in Figure 4.1(a)) leads unavoidably to the 
formation of high densities of threading dislocations in the integrated III/V  layer during the 
epitaxial deposition of the laser material on silicon substrates, which is problematic for long­
term stable lasing operation of the corresponding device structure. Figure 4.1(b) (taken from 
[84]) shows the bright field transmission electron microscopy (BF-TEM) of a GaAs film 
grown on a süicon substrate. This figure clearly shows the typical defect-network of threading 
dislocations in the active III/V  material caused by lattice-mismatch. Such defects act as non- 
radiative recombination centres limiting device performance and shortening device lifetime 
[113].
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Figure 4.1; (a) Energy gap as a function of lattice constant of the most common III-V 
semiconductors in comparison to silicon (taken from [112]). GaP has a lattice constant almost 
equal to shicon, which allows for a dislocation free growth of GaP layer on shicon-substrate. 
(b) Bright field transmission electron microscopy images of a GaAs film grown on a shicon 
substrate. Caused by the large lattice mismatched a high density of misfit dislocation is 
formed in the GaAs layer grown on Silicon (taken from [84]). (c) GaP/GaNP sequences can 
be grown on Shicon without the generation of any threading dislocations (taken from [114]).
It has been shown that GaP can be grown without negligible dislocations on shicon due 
to the relatively smaU difference in lattice constant (<0.4% at room temperature [114]). The 
transmission electron microscopy in Figure 4.1(c) (taken from [114]) shows the threading
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dislocation free growth of GaNP/GaP sequence on a silicon substrate. However, GaP is an 
indirect band gap semiconductor and cannot be used for efficient light emission. The addition 
of nitrogen into GaP introduces nitrogen induced levels situated below the conduction band 
minimum, which changes the GaP material to a dicect-hke material [115] and suitable for an 
optoelectronic device to be grown onto a shicon substrate. However, the lowest conduction 
band states in GaNP are situated within the forbidden energy gap [116]. The lack of F- 
character of the lowest conduction band states [117] causes inefficient gain in a GaNP laser. 
If the nitrogen level is located above the host material conduction band minimum (like 
(In)GaNAs), the lowest conduction band states are more simhar to the band states of the 
host material [118], and efficient gain can be achieved [84, 119]. A Ga(NAsP) ahoy with high 
As fractions (of ~70%) and dhute N fractions (of ~4%) can form a direct band gap material 
approximately lattice matched to GaP and shicon [120]. In particular the similarity in lattice 
constant of the active III/V  material and shicon ahows for the pseudomorphic growth of 
Ga(NAsP) based laser diodes on shicon substrates without the formation of threading 
dislocations, and therefore opens up a new way to finahy reahse long-term stable laser diodes 
integrated with shicon micro-electronics. Moreover, the nitrogen level in Ga(NAsP) ahoys 
(for As concentration more than 70% [84]) is located above the host material conduction 
band rninimum (unlike GaNP), which provides strong potential for efficient gain. The novel 
quaternary dhute nitride Ga(NAsP) grown on GaP substrate has been proven to be a 
promising laser material in the last five years due to its dicect electronic band gap [120], 
efficient optical gain [119] and closely matched lattice constant to the shicon substrate. 
Electrical injection lasing operation near room temperature (at 278 K) with a threshold 
current density of 42 kAcm ^  has been demonstrated in Ga(NAsP) quantum weU lasers on a 
GaP substrate [121]. However, the very large threshold current density in the Ga(NAsP)/ GaP 
quantum weU lasers needs to be better understood in order to optimize and improve the 
device performance. This chapter investigates the efficiency limitations of Ga(NAsP) QW 
lasers on a GaP substrate.
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Chapter 4 consists of five sections. Section 4.2 discusses the background theory (in 
addition to the general theory of Chapter 2) requited to explain the experimental results on 
Ga(NAsP)/GaP single quantum well lasers. Section 4.3 describes the recombination and loss 
mechanisms of Ga(NAsP) quantum well lasers operating at room temperature. Section 4.4 
describes the effect of barrier growth temperature on the performance of Ga(NAsP)/GaP 
quantum well lasers. Section 4.5 summarizes the recent improvements, efficiency limitations 
and further optimization of Ga(NAsP)/GaP quantum well lasers.
4.2 Background theory
The quaternary dilute nitride Ga(NAsP) shows a metastable character [119, 120]. During 
the growth of Ga(NAsP) active material on GaP substrates, diffusion of nitrogen (N) from 
the active region to GaP barrier region or incorporation of unwanted N into the GaP barrier 
region may create localized defect states in the barrier. Subsection 4.2.1 describes the effect of 
localized defect states of barrier region on the performance of semiconductor lasers.
4.2.1 Localized defect states
Ideal semiconductor laser materials are expected to have a crystal lattice of perfect 
periodicity. However, this is rarely the case. Even with modem epitaxial processes the growth 
of metastable material avoiding diffusion or unwanted incorporation (which creates localized 
defect states) is challenging. In a semiconductor laser, some of the injected carriers may 
recombine radiatively or non-radiatively via the localized states of the barrier region. With the 
increase of temperature more carriers can escape from the active region to the localized 
defect states of barrier region and recombine there. As a result, the localized defect states in 
the barrier may act as a temperature sensitive carrier leakage path and degrade the device
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performance. The evidence for localized defect states in the barrier region of Ga(NAsP)/ GaP 
quantum well lasers and its effect on the performance of these devices are described in 
Subsection 4.3.3 and Section 4.4.
4.3 Device characteristics of Ga(NAsP)/GaP QW lasers operating at RT
In this section, Ga(NAsP) / GaP quantum well lasers characterized under electrical 
injection are discussed. There are three subsections in Section 4.3. Subsection 4.3.1 discusses 
the Ga(NAsP)/GaP quantum well laser performance parameters including threshold current 
density, emission wavelength, internal quantum efficiency, optical loss and current density for 
infinite cavity length, which are measured at room temperature. These give an overview of the 
recent improvements in Ga(NAsP)/GaP quantum weU lasers compared to the previously 
reported similar devices. It is also useful to compare the room temperature device 
performance with other conventional material systems. The temperature dependent 
measurements of threshold current, emission wavelength, differential quantum efficiency and 
pure spontaneous emission give an insight into the dominant carrier recombination 
mechanisms in the devices, which are described in Subsection 4.3.2. The pressure dependent 
measurements of threshold current, emission wavelength and differential quantum efficiency 
aUow identification of the non-radiative recombination process (es) in the devices, as 
discussed in Subsection 4.3.3.
4.3.1 Ga(NAsP)/GaP QW lasers performance at RT
The devices in this study were grown by metal-organic vapor-phase epitaxy (MOVPE) on 
a GaP substrate. The active region of the device consists of a single 6.2 nm-thick 
Ga(N_^%As_ç)2%P) quantum weU (SQW) wifiiin two undoped 200 nm GaP barrier/separate
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Figure 4.2: Schematic of Ga(NAsP)/GaP SQW lasers studied in Section 4.3.
confinement layers, as shown in Figure 4.2. They are embedded in between 1.5 jam-thick n- 
(Al,,23Gao77)P and p-(Al(,23Gan yy)P layers. 300 nm-thick n-GaP and 100 nm-thick p-GaP layers 
were grown as buffer and contact layers, respectively. Further details of the device structure 
can be found in Appendix A. The devices were measured as-cleaved under pulsed operation 
with 500 ns pulsed at a duty cycle of 10 kHz in order to reduce current heating effects. The 
room temperature measurements were carried out on a basic probe station setup as described 
in Chapter 3 (Subsection 3.2.1). The hght — current characteristics were measured as a 
function of cavity length. The facet emission as a function of applied current was collected 
using a large area InGaAs detector to determine the threshold current density and external 
quantum efficiency. The facet emission was also collected for a fixed current via an optical 
fibre and is analysed with an ANDO AQ6315A optical spectrum analyser to investigate the 
emission spectrum. Figure 4.3(a) shows the emission spectrum for a 100 pm x 1000 pm 
Ga(NAsP)/GaP single quantum well laser as a function of increasing current injection. The 
narrow emission spectrum width and abrupt increase of hght output above the injection
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current of 4 kAcm " confirms that a lasing threshold is reached in this device at room 
temperature. Figure 4.3(b) shows the measured light — current curve for the same device, 
which gives a threshold current density (J^ of ~4 kAcm^. The emission wavelength of the 
device was measured at (inset of Figure 4.3(b)) and the central wavelength of emission is 
found to be —981 nm at room temperature. We note that the threshold current density
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Figure 4.3: (a) Typical emission spectra as function of increasing current at room temperature. 
The narrow emission spectrum width and abrupt increase of hght output above the injection 
current of 4.5 kA/cm^ confirms that a lasing threshold is reached in this device. L-I curve for 
a 100 X 1000 pm laser diode at room temperature and corresponding lasing spectrum (inset).
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in this device is an order of magnitude lower than the previously reported value of —42 
kAcm'^ (emitting at —943 nm at 278K) for the simhar devices [122]. This indicates a 
significant improvement in device quality compared to previously reported devices. For the 
current devices, the growth temperature of the GaP separate confinement heterostructure 
region was increased to 675°C (originally 575°C in [122]) resulting in a higher P/Ga-ratio in 
the metal organic vapour phase epitaxy gas phase due to the more efficient decomposition of 
the tertiarybutyl phosphine at higher temperature. The clear device improvement could 
indicate a reduction in non-radiative recombination centres in the barrier material compared 
to the simhar devices reported in [122]. A comparison of recombination mechanisms between 
the current device and previous devices of reference [122] is discussed in Subsection 4.3.2. 
The effect of barrier growth temperature on the device performance is described in more 
detah in Section 4.4. However the value of threshold current density in these devices is sthl 
much larger than more established GaAs-based lasers, which operate at simhar wavelengths 
for which /th /Q W  —100-200 Acm’^  [105], which needs to be better understood in order to 
optimize and improve the device performance. Figure 4.4 shows the inverse of differential 
quantum efficiency (t]j) against the cavity length (L^ J^. From this, the internal quantum 
efficiency (y\^  and internal optical loss (aj are calculated to be —53% and 33±4 cm"^ 
respectively using the relations 2.26 (as described in Subsection 2.3.12 of Chapter 2). We note 
that in this material the internal quantum efficiency is significantly lower and internal optical 
loss is significantly higher than more established GalnAs/GaAs devices operating at 980 nm 
(for which internal quantum efficiency and internal optical loss are >90% and 0.34 cm '\ 
respectively [123-125]). The low internal quantum efficiency suggests the presence of non- 
radiative recombination and inhomogeneities within the active region. The large threshold 
current density is also consistent with the dominant non-radiative recombination in these 
devices, which will be discussed further in Subsection 4.3.2. The natural logarithm of 
threshold current density against the inverse of the cavity length (L^ v^) is shown in Figure 4.5. 
The current density for infinite cavity length ( JQ is calculated to be 3.2±0.3 kAcm'^ (as
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described in Subsection 2.3.14 of Chapter 2). The value of current density for infinite cavity 
length in these devices is also significantly larger than that of GalnNAs (for which current 
density for infinite cavity length is only 84 Acm'^ at room temperature [125]). The large value 
of current density for infimte cavity length is consistent with the high optical loss and low 
internal quantum efficiency in these devices. The fact that high optical loss causes a 
significant increase in the threshold current of the devices and hence increases in the current 
density for infinite cavity length, suggests that further improvement in the devices is required.
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Figure 4.4: Inverse of external quantum efficiency as a function of lasers cavity length gives 
an internal quantum efficiency and internal optical loss of 53% and 33+4 cm”  ^ respectively.
Although significant improvement in current Ga(NAsP) / GaP quantum well laser quahty 
is observed compared to the previously reported similar devices, the device performance is 
still far from ideal. The next subsection investigates the carrier recombination mechanisms in 
these devices to further improve theit performance.
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Figure 4.5; The natural logarithm of threshold current density against the inverse of the cavity 
length gives a current density for infinite cavity length of 3.2±0.3 kAcm‘^ .
4.3.2 Recombination mechanisms in Ga(NAsP)/GaP QW lasers
Temperature dependent measurements over the range of 60—295K (with 20K 
temperature steps) were performed using a standard closed-cycle cryostat set-up as described 
in Chapter 3 (Subection 3.2.3). On these devices, the lowest (highest) temperature that a 
threshold current could be measured was 60 K (295 K), due to the resistive nature of the 
device below this temperature (due to the upper limit of the voltage source). Figure 4.6 shows 
the I-V characteristics of the device as a function of temperature. It can be clearly seen that 
device conductivity reduces with the decrease in temperature. Below T = 60 K the device 
shows completely resistive behavior. This may be due to the presence of charge impurities. 
Crystal defects (such as ionized impurities) may cause impurity scattering. At low 
temperamres, carriers move more slowly, as a result carriers get more time to interact with
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Figure 4.6: The I-V characteristics of the device as a function of temperature.
charged impurities. For this reason, impurity scattering increases with decreasing temperature 
and hence device conductivity decreases. More detail about the crystal defects in 
Ga(NAsP) / GaP material wiH be discussed later in this chapter. Morover, intrinsic electron- 
hole-pairs reduce with the decreasing temperature, and donor electrons are bound to the 
donor atom. As a result device conductivity reduces. At each temperamre, both facet 
emission and spontaneous emission of the laser devices as a function of applied current were 
measured to quantify the threshold current and its radiative and non-radiative components. 
For these cryostat measurements the collection of the facet emission was fibre coupled and 
the detector consisted of a Peltier-cooled ANDO AQ2140 InGaAs optical power meter. The 
spontaneous emission was collected through a window milled in the substrate of the devices 
(as described in Chapter 3 (Subsection 3.2.3)) using an optical fibre and was analysed with a 
Peltier-cooled ANDO AQ2140 InGaAs detector. The characteristic temperature T  ^ (TJ can 
be calculated from the temperature dependence of threshold current density (external 
quantum efficiency) using the relations 2.27 (2.28) (as described in Chapter 2 (Subsection
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Figure 4.7: (a) Light-current curve as a function of temperature shows increase of threshold 
current and decrease of external quantum efficiency with increasing current, (b) The natural 
logarithm of measured threshold current as a function of temperature shows the comparison 
of characteristic temperamre (T(,) between the current devices and devices reported in [126].
2.3.13)). The comparison of calculated characteristic temperamres (from experimental data) 
with theoretical characteristic temperatures of each recombination mechanism can give an 
insight into the carrier recombination mechanism in the devices. Figure 4.7(a) shows the
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measured light-current curve as a function of temperature for a 100 pm x 1000 pm 
Ga(NAsP)/GaP single quantum well laser (same device as in Figure 4.3(a)). It can be clearly 
seen that threshold current increases and external quantum efficiency decreases with 
increasing temperature. The natural logarithm of the measured threshold current (from Figure 
4.7(a)) as a function of temperature (1) is shown in Figure 4.7(b). Tq was found to be ~ 107 K 
around 100 K. The value of Tq > 2T/3 may suggests that the monomolecular current 
contribution at threshold in these devices is not significant (as described in Chapter 2 
(Subsection 2.3.13)). The reduction of monomolecular recombination in current devices will 
be discussed in detail later in this section. Figure 4.7(b) also shows a comparison of Tg 
between the currently measured device and the devices reported by Kunert et. al. in [122]. 
The Tg values of reference [122] are extracted from data in [126]. An unusually large Tg value 
at low temperature (Tg ~ 200 K at 100 K) in the device of reference [122] is an indication of 
material inhomogeneities within the active region [85]. We do not observe such a large Tg 
value at low temperature in the current devices. This may also suggest an improvement in the 
material quality of the current devices compared to the previously reported similar devices in 
[122], consistent with the significant improvement in the device performance at room 
temperature. However, Figure 4.7(b) also shows that Tg drops from ~ 102 K  (at T = 200 K) 
to ~58 K  near room temperature (at T = 295 K). For an ideal quantum well laser, where 
radiative recombination dominates, one would expect Tg = T at room temperature (as 
described in Chapter 2 (Subsection 2.3.13)). Hence, the non-ideal Tg even at low temperature 
(Tg = ~ 102 K  even at T = 200 K) and rapid drop of Tg near room temperature may suggest 
the presence of optical or recombination loss in these devices. If non-radiative Auger 
recombination dominates then Tg < T/3. Although Tg < T /3  in the current devices but 
Auger recombination which is dominant in long wavelength dilute nitride devices [127], is 
expected to be negligible at these short wavelength devices [128]. Figure 4.8 shows the natural 
logarithm of measured differential quantum efficiency (Eom Figure 4.7(a)) as a function of 
temperature. It can be seen that T^  ~ 99 K at 200 K, decreasing to ~37 K  near room
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Figure 4.8: The natural logarithm of measured external quanmm efficiency as a function of 
temperamre shows the comparison of characteristic temperamre (TJ between the current 
devices and devices reported in [126].
temperamre (at T = 295 K). Indeed, when compared with other devices operating at similar 
wavelengths (for which T^  ~1000 K around room temperamre [129]), T^  is significantly lower 
in these devices also suggesting that optical or non-radiative recombination losses are 
important in these devices. A rapid decrease of differential quanmm efficiency with increasing 
temperamre, and hence the abmpt drop of T ,^ has been explained to be the result of 
significant carrier occupation of the barrier regions [130-132]. The origin of the 
recombination loss in these devices wiU be discussed in Subsection 4.4.3. Figure 4.8 also 
shows that current devices have an improved Tj compared to the previously reported similar 
devices in [122]. This is also consistent with the improvement in the material quality of 
current devices through the reduction in optical or recombination loss.
We note that, Tg = ~107 K around 100 K suggests dominant radiative recombination at 
this temperamre, as described in Figure 4.7(b). On the other hand, the lower T^  value (T^  = 
— 118 K around 100 K, as shown in Figure 4.8) suggests the presence of loss mechanisms
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Figure 4.9: The measured integrated spontaneous emission and corresponding facet emission 
as a function of applied current at 60 K. The spontaneous emission does not pin at threshold 
in these devices.
increasing with temperature which contradicts with the dominant radiative recombination at 
100 K. This may be explained due to the combined effect of carrier localization and 
nonradiative recombination such as carrier leakage at this temperature. The fact that, carrier 
localization will cause a higher Tq and non-radiative recombination wiU cause a lower Tq. Due 
to these opposing effects we observe a Tq close to that for radiative dominated 
recombination. Carrier localization wiU. be discussed in more detail later in this section. On 
the other hand, the evidence of carrier leakage at low temperature (even at T = 80 K) wiU. be 
shown in Subsection 4.2.3.
The spontaneous emission measurement allows the direct measurements of the radiative 
component of the threshold current density. The spontaneous emission at threshold 
(Lspon) is proportional to Figure 4.9 shows the measured integrated spontaneous emission 
and corresponding facet emission as a function of current at 60 K. For each temperature
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(over the range of 60—295 K in 20 K temperature steps) the integrated spontaneous emission 
was recorded at threshold current (as shown in Figure 4.9) and normalized to at 60 K to 
determine Here is determined by assuming that non-radiative recombination is 
negligible at the lowest temperature. therefore provides a measure of the maximum 
radiative component of the threshold current density as a function of temperature. Figure 
4.10(a) shows the external quantum efficiency and normalized radiative component as a 
function of temperature. It can be seen that Tg (rad) ~ 248 K at 200 K, decreasing to ~208 K 
near room temperature. Hence, the radiative component has a sHghtly super-linear 
temperature dependence unhke an ideal quantum well laser [79]. This also implies that some 
optical loss process is present which increases with increasing temperature in these devices. 
Optical loss such as absorption (as described in Chapter 2 (Section 2.5)) may increase rapidly 
with increasing temperature. It wiU increase the threshold gain and hence radiative current. 
This is also consistent with the rapid drop of T  ^ near room temperature (as shown in Figure 
4.10(a)). More detail about the possible absorption in this device structure wiU be descrbed in 
Subsection 4.3.3. Figure 4.10(b) shows the normalized threshold current density and 
corresponding radiative component as a function of temperature. T„ for the radiative 
component of threshold current density remains high (as shown in Figure 4.10(b)) over the 
entire temperature range whilst the Tg for the threshold current density drops rapidly with 
temperature. This suggests that a non-radiative process gives rise to the stronger temperature 
dependence of the threshold current density in these devices. From the measured threshold 
current density and corresponding radiative component, we estimate that the non-radiative 
contribution accounts for at least ~92% of the threshold current density at 290 K. Thus, the 
non-radiative processes dominate threshold current density near room temperature. This also 
suggests that nonradiative process present in these devices is very temperature sensitive. This 
is another indication of carrier leakage and being the dominant recombination mechanism. 
However, we note that the non-radiative process (es) in these devices is significantly improved 
(~16% lower at 140K [126]) compared with the previously reported similar devices
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Figure 4.10: (a) The normalized (at 60K) radiative component as a function of temperature 
shows a super-linear behaviours unhke an ideal quantum weU laser, (b) The normalized 
threshold current density and corresponding radiative component as a function of 
temperature shows that non-radiative contribution accounts for at least ~ 92% of threshold 
current density at 290 K.
as shown in [122]. From Figure 4.9 it can also be seen that the spontaneous emission versus 
current curve shows a sub-hnear behaviour even at this (T = 60 K) low temperature which 
indicates a presence of loss mechanism with a stronger carrier density (n) dependence than
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the radiative current (which itself has an approximately oc dependence). Since carrier 
leakage has an approximately exponential dependence on n, this may suggest that carrier 
leakage plays an important role in these devices, if, as expected. Auger recombination is 
negligible in these short wavelength devices. The presence of carrier leakage processes in 
these devices will be discussed more in Subsection 4.3.3.
To gain a further understanding of the recombination processes in the devices the 
spontaneous emission is analysed using the “Z”-anaIysis [86]. Assuming n « p in the active 
region, the total current injected into a quantum well laser below threshold can be expressed 
as [133]
I - e V { A n  + Bn^+Cn^) + Ii^ j^^  (4.1)
where V is the pumped volume of the active region. The pumped volume is calculated by 
multiplying the surface area of the device contact stripe by the total quantum well thickness, e 
is the electronic charge and A is the monomolecular recombination coefficient, describing 
recombination through defects. Assuming the defect density is small compared to n and 
that the capture cross section of one type of carrier is larger than for the other, the 
recombination rate is directly proportional to and the carrier density n. B is the coefficient 
describing the direct radiative recombination of an electron in the conduction band with a 
hole in the valence band, which is, therefore, a bimolecular process and hence proportional to 
n  ^ [134]. Auger recombination involves three carriers ( h e n c e , o c  , as described in 
Subsection 2.4.2.2 of Chapter 2) and is described by the Auger coefficient C. Since the 
integrated spontaneous emission rate L, as determined experimentally, is proportional to the 
radiative recombination rate, hence L oc Bn^, thus we have
« o c i '"  (4.2)
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Figure 4.11: A linear plot of In (I) versus ln(L^ ^^ ) to calculate the value of Z at low current to 
laser threshold. Z^ = 2.15 at 60 K suggesting that the monomolecular current contribution at 
threshold in these devices is less significant compared with GalnAsN/GaAs dilute nitride 
lasers [133].
We can then rewrite Equation 4.1 as /  oc , and find the value of Z at low current to
laser threshold from a linear plot of In (I) versus ln(L^ '^ )^ as shown in Eigure 4.11. From 
Equation 4.1 and Equation 4.2, we find that, Z = 1, 2 and 3 corresponds to defect-related 
monomolecular, radiative and Auger recombination, respectively. Therefore we can 
determine the dominant current pathway in threshold current from the measured Z. It should 
be noticed that, however, similar to Auger recombination, current leakage is also thermally 
activated at elevated temperatures and has a strong temperature dependence. Different from 
Auger recombination, current leakage has even higher-than-third-order terms in the power 
law relationship of the carrier density [135]. The measured value of Z at threshold (Z^J as a 
function of temperature is displayed in Figure 4.12. Z^ increases from 2.2 at 60 K to 3.5 at 
290 K. The value of Z^  ^ > 2 at low temperatures signifies that the monomolecular current 
contribution at threshold in these devices is less significant compared with GalnAsN/ GaAs 
dilute nitride lasers for which Z<2 [133]. It may also imply that the reduction in the defect-
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Figure 4.12: The measured value of Z at threshold (Z^J as a function of temperature.
related recombination in these devices leads to significant performance improvements 
compared with previously reported similar devices in [122, 126]. The value of Z^  ^ > 3 at 
higher temperatures again suggests the presence of a carrier leakage path in these devices 
(since Auger recombination is expected to be weak at this short wavelength).
A lack of complete pinning of spontaneous emission above threshold is observed in these 
devices (in Eigure 4.9) and is a signature of inhomogeneities. Composition fluctuations induce 
energy fluctuations of the conduction band edge (the conduction band edge energy is strongly 
dependent on nitrogen concentration in these dilute nitride devices), and it can be assumed 
that nitrogen rich regions of the conduction band are at a lower energy and nitrogen-sparse 
regions are at a higher energy. In this case, the spontaneous emission is pinned for the carrier 
locahsed at lower energy, since the carriers contained within the potential localization take 
part in the lasing process. Regions which are localised having higher energy do not take part 
in the lasing process and so wiU not be pinned, giving rise to a change in carrier density 
above threshold [133]. This phenomenon is illustrated in Figure 4.13.
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Figure 4.13: Schematic of the effect of carrier localization due to ahoy scattering on the 
pinning behaviour of spontaneous emission. Carriers contained within the potential 
localization take part in the lasing process (indicated by blue arrow). Regions which are 
localised having an energy greater than the lasing energy (indicated by red arrow) do not take 
part in the lasing process and so wiU not be pinned.
Significant improvement in the material quahty of current devices compared to the 
previously reported similar devices in [122] is observed, however, further improvement in the 
devices is required to overcome the non-radiative recombination, optical losses and carrier 
localization. The next subsection investigates the nature of the dominant non-radiative 
recombination mechanisms in these devices.
4.3.3 Identification o f non-radiative processes in G a(N A sP)/ GaP QW lasers
In Subsection 4.2.2, it is found that non-radiative contribution accounts for at least ~ 
92% of the threshold current density near room temperature in the currendy measured 
Ga(NAsP)/GaP quantum well lasers. Moreover, the temperature sensitive non-radiative 
recombination and sub-hnear behaviour of hght-current curve even at low temperature 
provides a tentative indication of a carrier leakage path in these devices. Hence, the
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application of hydrostatic pressure is an ideal method to investigate the carrier leakage 
mechanism in Ga(NAsP)/GaP quantum well lasers. The change in band offset due to 
hydrostatic pressure (as described in Section 2.6 of Chapter 2) wül change the rate of carrier 
leakage, which allows the identification of carrier leakage in these devices. Pressure 
dependence measurements over the range of 0—7 kbar (with ~0.5 kbar steps) were performed 
at SDK, 220K and room temperature by using a gas pressure set-up (as described in 
Subsection 3.2.4 of Chapter 3). At each pressure, the facet emission of the laser devices as a 
function of applied current was measured to quantify the threshold current and differential 
quantum efficiency. For the pressure measurements the collection of the facet emission was 
fibre coupled and the detector consisted of a Peltier-cooled ANDO AQ2140 InGaAs optical 
power meter. The facet emission at LIJ^ was also collected via an optical fibre and was 
analysed with an ANDO AQ6315A optical spectrum analyser to investigate the emission 
spectra.
For an ideal quantum well laser which is dominated by radiative recombination, the threshold 
current density, oc Eg^  (as described in Section 2.6 of Chapter 2). Here Eg is the band
gap (determined from Eg = hc/1, where 1 is the measured lasing wavelength). Hence, the 
radiatively dominated change in threshold current density can be calculated from the pressure 
dependence of the lasing wavelength. Figure 4.14(a) shows the measured lasing wavelength 
(taken at L IJ^  as a function of applied pressure at 220K. The reduction in intensity with 
increasing pressure (for a fixed light collection factor) is also an indication of a reduction in 
slope efficiency with increasing pressure. The calculated pressure coefficient for the band gap 
at 80K, 220K and room temperature is shown in Figure 4.14(b). We note that the relation 
oc Eg^  is a simple approximation which considers that the electron effective mass is 
propotional to Eg. For Ga(NAsP) alloys, the interaction between the nitrogen energy level 
(E^) and Ep of the host material may increase with increasing pressure as observed in other 
GaAs-based dilute nitride materials [136]. As a result the effective mass of the Ga(NAsP)
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Figure 4.14: (a) Lasing wavelength at 1.1 as a function of apphed pressure, (b) The pressure 
coefficient of band gap (Eg) is found to be 5.1 ±0.3 meV/kbar at 80K, 220K and room 
temperature. The radiative current can be calculated from the relation oc E^.
active region may increase more than for a normal alloy with increasing pressure. For this 
reason, the relation oc E ^  may be an oversimplification. Here we assume that oc E ^
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holds. The pressure coefficient for the band gap of the devices is measured to be 5.1 ±0.3 
meV/kbar at 80K, 220K and room temperature. We note that, the pressure co-efficient of 
the F minimum in this Ga(N_5%As_ç,2%F) material is significantly lower than that of GaAs 
(+10.7 meV/kbar [137]) and GaP (+11.2 meV/kbar [137]) due to the band anti-crossing 
effect, which is explained by J. Chamings et. al. in ref. [126]. Figure 4.15 shows the measured 
pressure dependence of the threshold current density at 80K, 220K and room temperature. 
Also shown is the ideal expected variation of oc Eg^ . It can be clearly seen that the 
threshold current increases with pressure much faster than which suggests that the lasers 
are not operating in a radiatively dominated regime. The threshold current of the device 
increased by ~45% and ~100% up to 7 kbar at 80K and 220K, respectively. Also, ~70% 
increase in threshold current is observed up to 2.5 kbar at room temperature (in these 
devices, at room temperature the highest pressure that a threshold current could be measured 
was 2.5 kbar, due to the upper limit of the pulsed voltage source). The rapid increase in 
threshold current with pressure indicates the presence of carrier leakage. In a simple model 
the pressure (P) dependence of the leakage current, can be written as [138]:
'  dAE P   ^
■ dP k,T j
(4.3)
where k^  is the Boltzmann constant, AE the leakage activation energy. The corresponding 
pressure dependence of J^ i^s given by [84]:
where = Jrad(0)/Jth(0), the radiative current proportion of at ambient pressure. We
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Figure 4.15: Normalized threshold current as a function of pressure at 80K, 220K and room 
temperature. Also shown is the ideal expected variation of oc Eg^ . The rapid increase in 
threshold current with pressure indicates the presence of carrier leakage.
assume that aU other non-radiative recombination processes are negligible. As shown in 
Equation 4.3, the decrease of the activation energy leads to the increase of current leakage 
with increasing pressure. From Figure 4.10(b), Jrad(0)/Jth(0) tii these devices is found to be 
~91%, ~33% and ~8% at 80K, 220K and room temperature, respectively. From the tit to the 
pressure data using Equation 4.4, we can then determine dAE/dP, which is -2.9, -2.8 and -5.7 
meV/kbar at 80K, 220K and room temperature, respectively. On the other hand, the increase 
of the band gap with pressure (dEg/dP) is measured to be +5.1 meV/kbar. Assuming that the 
conduction band quasi-Fermi level has a similar pressure dependence to the band gap, this 
results in a pressure coefticient for the leakage levels (dE,g ,^./dP) of +2.2, +2.3 and -0.6 
meV/kbar at 80K, 220K and room temperature, respectively, where dAE/dP = (dEg/dP - 
dEie^/dP). A possible carrier leakage path in this Ga(NAsP)/GaP quantum
CHAPTER 4: EFFICIENCY LIMITATIONS OF Ga(NAsP)
QUANTUM WEEL LASERS ON GaP SUBSTRATE
87
40000 -,
T = 220 K
35000-
Increasing pressure30000-
3
(Q 25000 -
3  2 0 0 0 0 -o
15000-  
O)
_c
—' 10000-
5000-
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Current density (kAcm"^)
1 .0 0 -
80K 
220 K 
RT
0 .9 6 -
-D0)
(/) 0.92 -
03
io
Z
0 .8 4 -
2 30 1 4 5 6 7
Pressure (kbar)
(b)
Eigure 4.16: (a) The hght-current curve as a function of apphed pressure, (b) Normahzed 
differential quantum efficiency as a function of pressure at 80K, 220K and room temperature. 
The rapid drop of differential quantum efficiency with increasing pressure at higher 
temperature is consistent with the high optical losses in the devices.
weU lasers structure is the X niinima of GaP barrier due to its large density of states. But, the 
observed leakage level has a smaUer pressure dependence than the X rninima of the GaP 
barrier (-1.5 meV/kbar [139]). This suggests leakage into the X rninima of the indirect GaP 
barrier is not significant here at these temperatures. Despite the fact that a strong increase in
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threshold current with pressure is observed this may indicate that the leakage path involves 
states with a weaker pressure dependence, such as localized defect states in these devices. The 
fact that, if nitrogen has diffused from the active region into the GaP barriers, or there is 
unwanted nitrogen incorporation during growth into the GaP barriers then defects levels 
between the GaNAsP active region and GaP barriers is introduced, which may form a 
thermally activated loss as more energetic carriers increasingly recombine via the defect states. 
Carrier leakage through the localized defect states in these devices wiU be discussed in more 
detail in Subsection 4.4.3. Moreover, from the calculated pressure coefficient for the leakage 
levels, it can be seen that dEj^^/dP is ~ +2.3 meV/kbar at 220 K, increasing to ~ -0.6 
meV/kbar near room temperature. This suggests that in addition to carrier leakage 
mechanism other pressure-dependent loss mechanisms may be involved above 220 K. To 
investigate this, temperature and pressure dependence of differential quantum efficiency was 
investigated. The hght-current curve as a function of apphed pressure is shown in Figure 
4.16(a). It can be seen that differential quantum efficiency decreases with increasing pressure. 
The differential quantum efficiency as a function of apphed pressure at 80K, 220K and room 
temperature is shown in Figure 4.16(b). It can be seen that differential efficiency drops at a 
higher rate with increasing pressure at higher temperature suggesting significant increase in 
optical losses in the devices at higher temperatures. This is also consistent with the low T  ^ at 
room temperature (as shown in Figure 4.8) and superhnear behavior of with increasing 
temperature (as shown in Figure 4.10(a)) in the devices. Hence, we assume that carrier leakage 
due to the localized defect states dominates the recombination process up to 220K, whereas 
optical losses in conjunction with carrier leakage dominate the recombination process near 
room temperature. The origin of optical loss mechanisms in these devices and theit 
temperature and pressure dependence wiU be discussed in Subsection 4.4.3.
Although carrier leakage is found to be the dominant non-radiative recombination 
mechanism in Ga(NAsP)/GaP quantum well lasers the pressure dependence of threshold
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current shows that the X rninima of GaP barrier is not a significant carrier leakage path in 
these devices. This tentatively suggests that the leakage path may involve states with a weaker 
pressure dependence, such as localized defect states. The origin of the carrier leakage 
mechanism needs to be better understood to further optimize the device structure. The next 
section investigates the origin of carrier leakage in these devices.
4.4 Influence of barrier growth temperature on the Ga(NAsP)/GaP 
QW laser characteristics
Section 4.3 shows that a change in barrier growth temperature in currently measured 
Ga(NAsP)/GaP quantum well lasers compared to the previously reported devices in [122] 
causes an order of magnitude performance improvement. During the growth of 
Ga(NAsP)/GaP material, a slight As carry-over effect has been observed [140]. This may lead 
to the formation of thin intermediate GaAsP layer between the GaNAsP active region and 
GaP barrier region. The diffusion of nitrogen into this intermediate layer may affect the 
device performance. Detail about the change in band alignment at Ga(NAs)P/GaP interface 
with nitrogen diffusion will be described in Subsection 4.4.3. It is worthy to investigate the 
devices grown under different barrier growth temperature, as this could give an indication 
about the correlation of nitrogen diffusion (if any) with barrier growth temperature. 
Moreover, it wiH also provide a better understanding of non-radiative recombination 
mechanisms due to the diffusion of nitrogen. In this section, Ga(NAsP) / GaP quantum well 
lasers grown at different barrier growth temperatures (same device structure) are 
characterized under electrical injection and discussed. Section 4.4 investigates two device 
structures. Device A (also investigated in Section 4.3) and Device B have barrier growth 
temperature of 675°C and 575®C respectively. The details of the lasers structure can be found 
in Appendix A. There are three subsections in Section 4.4. Subsection 4.4.1 shows the 
importance of the optimization of barrier growth temperature to improve the
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Ga(NAsP)/GaP quantum weU laser performance. Subsection 4.4.2 compares the carrier 
recombination mechanisms between the devices with different barrier growth temperatures. 
It gives a preliminary insight into the effect of barrier growth temperature on the thermal 
stability of the devices. The origin of the carrier leakage path in Ga(NAsP)/GaP quantum 
well lasers is investigated in Subsection 4.4.3.
4.4.1 Influence o f barrier growth temperature on G a(N A sP )/G aP  QW laser 
performance
For a fait comparison, structures A and B were measured in the same experimental setup 
and under similar measurement conditions (substrate temperature, pulse width and 
frequency). On device A (device B) the highest temperature that a threshold current could be 
measured was 295 K (280 K) due to the upper limit of the voltage source. For this reason the 
device performances are compared at 280K. The threshold current density of device A 
(device B) is measured to be ~2.6 kAcm'^ (~5.5 kAcm"^) with a lasing wavelength of ~971 nm 
(~949 nm) at 280K. The longer emission wavelength in device A compared to than that of 
device B shows tentative evidence of higher nitrogen (N) content in its active region. The 
band bowing (with nitrogen composition) in the conduction band edge of Ga(NAsP) aUoy 
suggests that a small difference in nitrogen fraction during the growth may produce the 
observed differences in lasing energy in device A and B. Details about the band structure of 
Ga(NAsP) are reported by Kunert et. al. in [120]. The less nitrogen in the quantum well of 
device B may suggest that remaining nitrogen is diffused or incorporated into the GaP barrier 
region and affecting the device performance, which wiU be described in Subsection 4.4.3. This 
carrier leakage mechanism may increase the threshold current density in device B, which is 
consistent with the higher threshold current density of device B than that of device A. Hence 
the optimization of barrier growth temperature is very important to further improve the 
Ga(NAsP)/GaP quantum well lasers performance. Device B was measured using a standard
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closed cycle cryostat setup due to the difficulty to measure it at room temperature using the 
basic probe station setup. For this reason, we were not able to calculate optical loss and 
internal quantum efficiency of device B to compare them with device A. However, the 
comparison of the temperature dependence of threshold current density and external 
quantum efficiency in next subsection gives an insight into the optical or recombination loss 
in device B compared to those of device A.
4.4.2 Influence o f barrier growth temperature on the G a(N A sP )/G aP  QW  
lasers carrier recom bination m echanism s
The tentative evidence of diffusion of nitrogen into the GaP barrier region is shown in 
Subsection 4.4.1. The comparison of temperature dependence performance parameters and 
carrier recombination mechanisms in device A and device B wH give further evidence 
concerning the affect of nitrogen diffusion on the carrier recombination mechanisms in these 
devices. The natural logarithm of the measured threshold current density and external 
quantum efficiency as a function of temperature for both device A and B is shown in Figure 
4.17. It can be seen that the Tq for device A (device B) to be 104±3 K (107±4 IQ at 200 K, 
which drops to 60±2 K  (52±2 K) at 280 K. Figure 4.17 also shows that T^  on device A 
(device B) to be 99±3 K (91 ±3 K) at 200 K, which drops to 39±3 K  (48±2 K) at 280 K. 
These results suggest that the performance of device A and B may be limited by similar 
optical or recombination loss processes. However, the shghtly improved Tq at 280 K  in device 
A than that of device B is consistent with the improved threshold current density in device A.
Figure 4.18(a) shows the normalized (at 60 K) radiative component at threshold current 
density (measured from pure spontaneous emission) as a function of temperature for device 
A and device B. It can be seen that radiative component of device B also shows a super-linear 
behaviour like device A as discussed in Subsection 4.3.2. Hence the performance of device B
CHAPTER 4; EFFICIENCY LIMITATIONS OF Ga(NAsP)
QUANTUM WELL LASERS ON GaP SUBSTRATE
92
9-1
8 -
c
6 -
n 6
0 - .
■0-. T^  -  99±3K
T =91±3K0
T = 107±4K e
o--. O
V '
#
o.
G. '
T. =°48±2K
J-B'Tq = 104±3K □
o
Device A 
Device B 
Device A 
Device B
■O
F
0
50 100 150 200 250
Temperature (K)
300
Eigure 4.17: The natural logarithm of measured threshold current density and external 
quantum efficiency as a function of temperature for both device A and B suggests that 
performance of these devices may be limited by the similar optical or recombination loss 
process.
also may be hmited by the similar optical loss mechanisms hke device A. From the measured 
threshold current density (JQ and its radiative component (as shown in Eigure 4.18(b)), 
for device A the relative ratio of the radiative and non-radiative currents at the threshold 
current are estimated as ~13% and ~87%, respectively, at 280K, compared with —9% and 
~91% for devices B at the same temperamre. It can be seen that in addition to having a lower 
absolute threshold current density, device A has a slightly higher radiative recombination 
(improved carrier recombination mechanism) than that of device B. While the radiative 
component remains relatively stable over the temperature range studied, the threshold current 
increases strongly (in a similar way) above 200K in both devices. Therefore, both device A 
and B may be governed by similar recombination process.
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Figure 4.18: (a) The normalized (at 60K) radiative component as a function of temperature 
shows a super-linear behaviours in both device A and device B. (b) The normalized threshold 
current density and corresponding radiative component as a function of temperature shows 
rapid increase in threshold current density above 200K in both devices suggesting that these 
devices may be may be governed by similar recombination process.
Figure 4.19 shows the measured value of Z at threshold as a function of temperature 
for device A and device B. Z^ of device A (device B) increases from ~2.2 (~2.2) at 60K, 
which indicates the radiative recombination dominates the threshold current density, to ~3.4
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Figure 4.19: The measured value of Z at threshold (Z ^ as a function of temperature for 
device A and device B suggests that dominant recombination mechanism is the same for both 
devices and at higher temperature carrier leakage is the dominant.
(—3.6) at 280K, where non-radiative processes play a key role. This may also indicate that 
dominant recombination mechanism is the same for both devices and at higher temperature 
carrier leakage is dominant as determined in Subsection 4.3.3. A higher Z^ value of device B 
compared to device A at 280K is consistent with the higher J^ ad/Jth device A than that of 
device B.
Hence, similar optical or recombination loss and carrier recombination mechanisms in 
device A and device B are observed in this subsection. Although tentative evidence of 
diffusion of nitrogen and hence performance degradation is observed in device B (as 
described in Subsection 4.4.1) there is no significant difference in carrier recombination 
mechanisms in device B than that of device A. Moreover, the performance of both devices A 
and B are far from ideal. This suggests that, the performance of both device A and device B 
still may be Hmited by the nitrogen induced carrier leakage path. For this reason there is no 
significant difference in the thermal stabHity and carrier recombination mechanism of device 
A and device B. The evidence of diffusion of nitrogen in both device A and device B and the
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origin of non-radiative recombination processes in these devices are investigated in the next 
subsection.
4.4.3 Origin o f the non-radiative processes in  G a(N A sP)/ GaP QW lasers
The application of hydrostatic pressure is an ideal method to prove that carrier leakage 
mechanism is dominant in both device A and device B. Moreover, the calculation of the 
pressure dependence of the leakage level gives an insight into the origin of the carrier leakage 
path in these devices. Pressure dependence measurements over the range of 0—7 kbar (with 
—0.5 kbar steps) were performed at 80 K and 220 K. Figure 4.20(a) shows the pressure 
dependence of the measured lasing wavelength at 80 K and 220 K for both devices. From 
this figure the pressure co-efficient of the band gap (E^ for device A (device B) is calculated 
to be —5.1 (—4.2) meV/kbar, which can be used to determine the pressure dependence of 
the ideal radiative component (Jr^ d), as determined in Subsection 4.3.3. We note that, nitrogen 
content is higher in the quantum well of device A (as described in Subsection 4.3.1) and 
hence the pressure co-efficient of the band gap in device A is expected to be lower compared 
to device B due to the band-anticrossing effect. However, our measured pressure co-efficient 
of the band gap in device A (—5.1 meV/kbar) is higher than that of device B (—4.2 
meV/kbar). This is consistent with the nitrogen cluster formation in this material, which 
increases with the increase in nitrogen percentage. The fact that, with increasing pressure the 
interaction between the part and cluster states increases and hence an increase in the pressure 
co-efficient of E_ (band gap) level. A similar phenomenon is observed in GaNP alloy with 
increasing nitrogen content [118] which wiU be described later in this subsection. Further 
detail about the E_ level in Ga(NAsP) will also be described later in this subsection. Figure 
4.20(b) shows the measured pressure dependence of the threshold current density at 80K and 
220K for both devices. Also shown is the ideal expected variation of oc It can be 
clearly seen that the threshold current increases with pressure much faster
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Figure 4.20: (a) Lasing wavelength at 1.1 as a function of applied pressure shows that 
device A has a higher pressure co-efficient compared to device B. (b) Normalized threshold 
current as a function of pressure shows a fastest relative increase in threshold current density 
in device A compared to device B.
than which confirms the presence of a carrier leakage path in both devices. From Figure 
4.20(b), Jrad(0)/Jth(0) io. device A (device B) is found to be —91% (—89%) and —33% (—30%) 
at 80K and 220K, respectively. From the fit to the pressure data by using Equation 4.4, the
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pressure dependence of the leakage current ([^ ^^ (P)) is determined, which is used in Equation
4.3 to determine dAE/dP. We find that dAE/dP for device A (device B) is -2.9 (-1.3) 
meV/kbar and -2.8 (-1.3) meV/kbar at 80K and 220K, respectively. Since the measured 
pressure co-efficient of the band gap for device A (device B) is —5.1 (—4.2) meV/kbar and 
assuming that the CB quasi-Fermi level has nearly similar pressure dependence, this results in 
a pressure coefficient of +2.2 (+2.9) meV/kbar and +2.3 (+2.9) meV/kbar in device A 
(device B) for the leakage level at 80K and 220K, respectively. Hence the leakage level of 
device B also has smaller pressure dependence (similar to device A as shown in Subsection 
4.3.3) than the CB quasi-Fermi level. This suggests that carriers are not escaping into the X  
minima of the indirect GaP barriers in both device A and device B. For this reason, the origin 
of this significant leakage became the focus of our investigations.
On visual inspection of the GaNAsP/GaP quantum well lasers while they were being 
pulsed under forward bias (this measurement was performed by James Chamings and 
reported in [84]), it was possible to see orange luminescence around the device contact, as 
shown in Figure 4.21(a). Subsection 4.3.3 shows that GaNAsP quantum well emission is in 
the infrared wavelength region (—900 nm at 80 K). Hence, the emission in the visible 
wavelength range suggests that there is a radiative recombination at higher energies than the 
lasing energy in these devices. This is also consistent with the presence of a carrier leakage 
path in GaNAsP/GaP quantum well lasers. The observed orange luminescence was focused 
into a high resolution grating spectrometer and measured using a cooled silicon detector. The 
measured emission spectrum is shown in Figure 4.21(b) (red line). From this figure a broad 
luminescence from 1.7eV to 2.30eV can be seen at 80 K. The quantum well lasing process has 
a transition —1.4 eV at room temperature. On the other hand, the lowest conduction band 
states of GaP barrier and substrate is E,^  = 2.33 eV at 80 K  [84]. Hence the measured orange 
luminescence energy is much higher than the quantum well transition and lower than the 
conduction band states of GaP. The injected carriers into a quantum well fall into lowest
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Figure 4.21: (a) Orange luminescence around the device contact, (b) Showing the 80K 
electroluminescence spectrum of the lowest energy quantum well transition (black Hne), and 
the 80K electroluminescence spectrum of the orange glow (red Hne) at the same current 
(multipHed by 100) (taken from [84]).
conduction band states much more quickly (inter-band decay via phonon emission) than 
undergoing radiative recombination from any higher energy levels. For this reason, at the first 
stage the injected carriers wHl not undergo radiative recombination at the conduction band 
states of GaP barrier. Hence the measured orange luminescence is most Hkely to originate 
from the GaP barriers, but at an energy below the conduction band nainimum of GaP. This 
suggests that the radiative recombination may occur through a defect level. Similar orange 
luminescence is observed from GaP with nitrogen impurities [141]. If nitrogen has diffused 
from the active region into the barriers, or there is unwanted nitrogen incorporation into the 
GaP barriers during growth, then this orange glow may possibly be due to radiative 
recombination of carriers through nitrogen induced subband, E_ (described in detail later in 
this subsection), level into which the carriers leak, and has a pressure coefficient of 
<7AE,gg^  / dP =+2.2 (+2.9) meV/kbar in device A (device B). The pressure coefficient of the 
E_ level in GaNP increases with nitrogen percentage due to the increasing cluster formation 
and hence interaction with pair and cluster states increases [118]. We note that, the pressure 
coefficient of the E_  level in GaNP is expected to decrease with nitrogen percentage due
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GaNP, reproduced from [118]. Using the pressure coefficient of the leakage level, suggests 
there may be as much as 0.9±0.2% (1.7+0.2%) of nitrogen incorporated in the GaP barriers 
of device A (device B).
to the band anti-crossing effect. Hence, we argue that we are observing a competing effect of 
band anti-crossing and cluster formation. The experimental and theoretical results [118] have 
been re-graphed in Figure 4.22. Using the pressure coefficient of the leakage level, suggests 
there may be as much as 0.9±0.2% (1.7+0.2%) of nitrogen incorporated in the GaP barriers 
of device A (device B). However, nitrogen wTL not be diffused uniformly over the entire GaP 
barrier region. A possible distribution of nitrogen in device B is shown in Figure 4.23. The 
diffused nitrogen may be distributed over a thin layer (~3 nm) in both sides of GaP barrier 
region where a nitrogen concentration —1.7+0.2% can be obtained.
The band anticrossing (BAG) model can be used to determine the incorporation of 
nitrogen in the Ga(NAsP) active region, and hence, to determine the incorporated nitrogen in 
the GaP barriers. In the BAG model, the interaction between a localized N state and extended
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CB states splits the CB into two subbands, E+ and E_. Their energies are described by the 
following equation [116] :
( 4 ( 4 + 4  ) ± J ( 4 ( 4  -  4  ) '+ 4xq (4.5)
Here Ep(P) is the host material pressure dependent T CB edge, E^ is the energy level of the 
localized nitrogen state, x is the nitrogen fraction, and C ^  is the couphng parameter 
determined by the strength of coupling between localized and extended states. All of these 
energies are defined with respect to the zone centre valence band maximum. E_ is therefore 
taken as the “band gap” energy of active region and fitted to the experimentally measured 
lasing energy. Eg. Shown in Figure 4.24 is the measured pressure dependence of Eg and 
pressure dependence of the F minimum of the host material GaAsg ^ Pq.o? (calculated 
theoretically using Vegards law [142]) in device A (device B) at 80K and 220K, respectively. 
E^ is calculated (using Vegards law) from the isolated nitrogen level in GaAs and GaP and 
has been assumed to have neghgible pressure dependence [143]. The parameter values used
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Figure 4.24: Measured pressure dependence of the lasing energy at various temperatures for 
GaNAsP/GaP single quantum well lasers. Also shown is the pressure dependence of 
E(GaAsP). The nitrogen level position was determined by interpolation of isolated N level in 
GaAs and GaP and assumed to have negligible pressure dependence. The change in lasing 
energy with pressure can be fit with the BAC model to predict the amount of N in the 
quantum well.
for theoretical calculation are taken from literature [137, 143]. Figure 4.24 shows that the 
BAC model gives good agreement with the experimental data for which C ^  = 1.87±0.02 
(1.9510.2) eV and x= ~3.1% (-2.3%) as well as C ^  = 1.9210.2 (2.0510.2) and x= —3.1% 
(—2.3%) eV in device A (device B) at 80K and 220K, respectively. We note that the values of 
C ^  are similar to previous reported values for the GalnNAs/ GaAs material system for 
which C ^  has been reported to range between 1.26 eV [110] and 2.7 eV [144] depending on 
the composition of the host alloy and other factors. From Figure 4.24 the BAC model also 
predicts a nitrogen concentration of —3.1% (—2.3%) in the active region of device A (device 
B) suggesting a nitrogen incorporation of around —0.9% (—1.7%) in the GaP barriers of 
device A (device B), which is consistent with our previous estimation in Figure 4.22. Hence 
we assume that, a nitrogen induced level in the GaP barriers is an origin of carrier leakage in
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Figure 4.25; Schematic showing the effect of reduced nitrogen diffusion from the Ga(NAsP) 
quantum well to GaP barrier. With reduced amount of nitrogen diffusion in the GaP barrier 
of device A, more nitrogen stays in the quantum well further reducing the band gap. Hence 
the potential barrier of device A is higher compared to device B.
these devices. The faster relative increase in threshold current density (as shown in Figure 
4.20(b)) with increasing pressure in device A compared to device B may be due to the 
reduced amount of nitrogen in the GaP barrier of device A which causes a smaller pressure 
coefficient of leakage level in device A than that of device B as shown in Figure 4.22. With a 
reduced amount of nitrogen diffusion in the GaP barrier of device A, more nitrogen stays in 
the quantum well further reducing the band gap of device A than that of device B. Hence the 
potential barrier of device A is higher compared to device B, which will reduce the carrier 
leakage in device A. This phenomenon is described in Figure 4.25. This is consistent with the 
sigmficant improvement in threshold current density in device A compared to device B. The 
diffusion of nitrogen in the GaP barrier may also explain the significant optical loss in device 
A. The temperature and pressure dependence of the external quantum efficiency in device A 
is shown in Figure 4.16(b). It can be seen that optical loss increases with increasing pressure 
and temperature. Figure 4.26 shows the band alignment at the Ga(NAsP) /  GaP 
heterostructure. The direct band gap of Ga(NAsP), conduction band offset (AEQ and valance
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Figure 4.26: Band alignment at Ga(NAsP)/GaP heterostmcture.
band offset (AEy) were measured by Sven Liebich et. al. at PhiHpps-University, Germany. 
The indirect X, L and spin-orbit split-off (A^ q) band is calculated using the Vegards law. The 
F, X, L and spin-orbit spHt-off (Asq) band of GaP (GaAs) used for this calculations are 2.8 eV 
(1.51 eV), 2.3 eV (1.98 eV), 2.7 eV (1.8 eV) and 0.08 eV (0.341 eV) respectively, and taken 
from Vurgaftman. et. al. [137]. The E_ level of Ga(NAsP) alloy is measured experimentally 
in this work as described in Figure 4.24. The E+ level of Ga(NAsP) alloy is calculated 
theoretically using the band anti-crossing model, where C^^ value is experimentally 
determined in this work, as shown in Figure 4.24. The E_ and E+ levels of the GaNP alloy is 
calculated theoretically using the band anti-crossing model, where C ^  = 3.05 is taken from 
Shan et. al. [145, 146]. It can be seen that spin-orbit spHt-off (Ago) band (0.32 eV) in 
Ga(NAsP) alloy is significantly lower compared to the lasing energy (~L3 eV) indicating inter 
valence-band absorption due to the transition between the valence band and spin-orbit spht- 
off band is less probable in this device. Moreover, hydrostatic pressure mainly affects the
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conduction band, hence in the presence of inter valance-band absorption we would expect a 
decrease in optical loss with increasing pressure. On the other hand, E+ levels of GaNgoogP 
(due to the diffusion of 0.09% N from the active region to the GaP barier) aUoy lie above the 
1.2 eV above the E_ level of Ga(NAsP) alloy. This suggests that, electrons in the conduction 
band may absorb the photon energy to escape into the E+ levels of GaNgQo^P alloy. The 
temperature dependence of E+ level of GaNP alloy is ~0.16 meV/K (deduced Iron Figure 5 
of ref. [147]). Hence at 80K, the E+ levels of GaNp oogE alloy lie 1.16 eV above the E_ level of 
Ga(NAsP) ahoy. The lasing energy at 80 K and room temperature are 1.36 eV and 1.27 eV, 
respectively. Hence, with increasing temperature the E+ level of GaN^ QQ^P alloy move close to 
the resonance where the possibility of transition between the E_ level of Ga(NAsP) alloy and 
E+ levels of GaNpoogE alloy is maximum. This is consistent with the rapid drop of external 
quantum efficiency with increasing temperature as shown in Figure 4.8 and Figure 4.16. The 
pressure dependence of GaNP alloy as a function of N content is shown in Figure 4.22. 
Assuming that E+ levels of GaNP alloys have similar pressure dependence, from Figure 
4.20(a) we can see that the E_ level of Ga(NAsP) alloy has higher pressure dependence than 
the E+ levels of GaNP alloys. Hence, with increasing pressure the E+ level of GaNp oogE alloy 
move further away from the resonance. For this reason, we expect an improvement in 
external quantum efficiency due to the reduction in optical loss with increasing pressure. 
However we observe a drop of external quantum efficiency with increasing pressure as shown 
in Figure 4.16. With increasing pressure carrier leakage increases which decreases the internal 
and external quantum efficiency. As a result, we are observing a coupled effect of increased 
carrier leakage and decreased optical loss on the pressure dependence of external quantum 
efficiency where the carrier leakage is dominant. Unhke device A, the external quantum 
efficiency of device B is less temperature dependent (as shown in Figure 4.28) suggesting 
lower optical loss in device B compared to device A. This is also consistent with the findings 
in Figure 4.17 and 4.18(a). Due to the higher nitrogen diffusion in the GaP barrier of device B 
(~1.7% N is diffused into the GaP barrier of device B compared to the 0.09% in device A as
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Figure 4.27: Normalized differential quantum efficiency as a function of pressure at 80K and 
220K. The external quantum efficiency of device B is less temperature and pressure 
dependent indicating lower optical loss in device B compared to device A.
shown in Figure 4.22), the E+ level of GaN^Q^yP alloy lies further higher energy than 
resonance, as shown by dash-dash red lines in Figure 4.26. It makes the transition between 
the E_ level of Ga(NAsP) aUoy and E+ levels of GaNgo^P alloy less probable and hence a 
decrease in optical loss. However, the external quantum efficiency in device B is more 
pressure sensitive than that of device A (as shown in Figure 4.27) is consistent with higher 
carrier leakage in device B than that of device A. Although our experimental results suggest a 
possible transition between the E_ level of Ga(NAsP) aUoy and E+ levels of GaNg o^ P^ alloy 
but it is not yet conclusive. More evidence is required to establish this fact. The fastest relative 
increase in threshold current density (as shown in Figure 4.20(b)) with increasing pressure in 
device A compared to device B may also be explained iu terms of a combined effect of 
defects and carrier leakage. With iucreasing pressure, carrier leakage mechanism increases and 
defect related recombination remains constant, which are described in Chapter 2. The higher 
amount of nitrogen diffusion into the GaP barrier region in device B compared to device A 
has introduced more defects levels between the Ga(NAsP) active region and GaP barriers in 
device B than that of device A and hence, threshold current of device B is less pressure
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dependent compared to device A, as described in Figure 4.28. Due to the higher defects, 
device B has higher thermally activated carrier leakage compared to device A as more 
energetic carriers increasingly recombine via the defect states. This is also consistent with the 
significant improvement in threshold current density in device A compared to device B.
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Figure 4.28: Pressure dependence of threshold current density (red stars) considering that 
there is no defect in the devices (values are chosen as an example). A higher (blue line) and 
lower (magenta Hne) amount of defect current is assumed. According to the Equation 4.4 if 
pressure independent defect current is subtracted from the pressure dependence of threshold 
current then device with higher defect current gives a lower rate of increase in threshold 
current with increasing pressure as shown by magenta circles.
4.5 Chapter summary
In this chapter, lasing operation at room temperature has been observed in novel dilute 
nitride Ga(NAsP)/GaP quantum well lasers. The devices show a significant improvement in 
the threshold current density of ~ 4 kAcm'“ and characteristics temperatures, Tg (TJ of ~ 58 
K (~ 37 K) at room temperature compared to the previously reported similar devices. 
However, the lower internal quantum efficiency of 53% as well as higher optical loss of 33±4
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cm'  ^ and current density for infinite cavity length of 3.2 ±0.2 kAcm'^ in these devices 
compared to more established GaAs-based devices suggests that further improvement in the 
devices is required. The Tg (TJ in the devices is ~ 104 K (~ 99 K) at 200 K, decreasing to ~ 
58 K  (~37 IQ near room temperature. A rapid drop of Tg (TJ at higher temperature is 
consistent with optical or recombination loss. The radiative component of the threshold 
current density has a super-linear temperature dependence on T unhke an ideal quantum well 
laser. This also imphes that some optical loss process is present which increases with 
increasing temperature in these devices. The spontaneous emission versus current curve 
shows sub-linear behaviour, even at low temperature, which indicates the presence of a loss 
mechanism with a stronger carrier density dependence than the radiative current. 
Temperature dependence measurements show that T^ for the radiative component of the 
threshold current density remains high (~326 K) over the entire temperature range (60 K — 
295 K) whilst the Tg for the threshold current density drops rapidly with temperature. This 
suggests that a non-radiative process gives rise to the stronger temperature dependence of the 
threshold current density in these devices. From the measured threshold current density and 
corresponding radiative component, we estimate that the non-radiative contribution accounts 
for at least ~92% of the threshold current density near room temperature. A temperature 
dependence of the “Z” analysis shows that Z^ increases from 2.2 at 60 K  to 3.5 at 290 K. 
The value of Z^ > 2 at low temperatures signifies that the monomolecular current 
contribution at threshold in these devices is less significant compared with other GaAs-based 
dilute nitride lasers. It may also imply that the reduction in the defect related recombination 
in these devices leads to the significant performance improvements compared with previously 
reported similar devices, which were grown under less-optimized growth conditions. The 
value of Zg, > 3 at higher temperatures suggests the presence of a carrier leakage path in these 
devices. The rapid increase in threshold current density with increasing pressure confirms the 
presence of carrier leakage mechanisms in these devices. However, the leakage level has a 
pressure coefficient (dE^g^/dP) of +2.2 meV/kbar (up to 200 K) and -0.6 meV/kbar (at room
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temperature), which are smaller than the pressure dependence of the X-minima of the GaP 
barrier (-1.5 meV/kbar). Hence the X minima of the indirect GaP barrier are not a significant 
carrier leakage path in Ga(NAsP)/ GaP quantum well lasers. Despite the fact that a strong 
increase in threshold current with increasing pressure is observed this may indicate that the 
leakage path involves states with a weaker pressure dependence, such as localized defect 
states in these devices. The calculated pressure coefficient for the leakage levels also suggests 
that carrier leakage is similar in the temperature range of 80-220K but increases rapidly at 
room temperature. The differential efficiency drops at a higher rate with increasing pressure 
at higher temperature suggesting significant increase in optical losses in the devices at higher 
temperatures. This is also consistent with the low T^  at room temperature and superHnear 
behavior of radiative current with increasing temperature in the devices. Hence, we assume 
that carrier leakage due to the localized defect states dominates the recombination process up 
to 220K, whereas optical losses in conjunction with carrier leakage cause rapid performance 
degradation of the device near room temperature.
The Ga(NAsP) / GaP quantum well lasers grown at two different barrier growth 
temperature (barriers of device A and device B were grown at 675°C and 575°C respectively) 
were investigated to determine if the barrier growth temperature Emits the device 
performance. Device A shown a longer emission wavelength (~971 nm) compared to device 
B (-^949 nm) at 280 K  suggesting that higher amount of nitrogen is incorporated in device A 
due to the higher barrier growth temperature. Moreover, device A had a significantly 
improved threshold current density (~2.6 kAcmQ than that of device B (~5.5 kAcmQ at 
280K. The lower amount of nitrogen in the active region of device B means that some 
nitrogen may be diffused to GaP barrier region of device B and, hence created carrier leakage 
path through the nitrogen induced localized defect states. This carrier leakage mechanism 
may increase the threshold current density in device B. However, both devices had shown 
similar characteristic temperature Tg (TJ and carrier recombination mechanisms suggesting
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that they may be governed by similar recombination process. It also suggests that although 
device A had the improved threshold current density compared to device B the performance 
of both devices may be limited by the nitrogen induced localized defect states. From the 
pressure dependence of leakage level we estimated that there may be as much as 0.9±0.2% 
(1.7+0.2%) of nitrogen incorporated in the thin area of GaP barriers of device A (device B). 
The BAC model predicts a nitrogen concentration of ~3.1% (~2.3%) in the active region of 
device A (device B), suggesting a nitrogen incorporation of around ~0.9% (~1.7%) in the 
GaP barriers of device A (device B). Hence the BAC model shows an exceUent agreement 
with the calculation (from the pressure coefficient of leakage level) of diffused nitrogen 
contents in the GaP barrier region and confirms the diffusion of nitrogen in both device A 
and device B. The diffusion of nitrogen in the GaP barrier may also possibly explain the 
significant optical loss in the devices. E+ levels of GaNggg^P (due to the diffusion of 0.09% N 
from the active region to the GaP barier) alloy in device A lie above the 1.2 eV above the E_ 
level of Ga(NAsP) alloy. This suggests that, electrons in the conduction band may absorb the 
photon energy to escape into the E+ levels of GaNg gg^ P alloy, which causes significant optical 
loss. Due to the higher nitrogen diffusion in the GaP barrier of device B (~1.7% N is 
diffused into the GaP barrier of device B compared to the 0.09% in device A), the E+ level of 
GaNg giyP alloy lies further higher energy than resonance. It makes the transition between the 
E_ level of Ga(NAsP) alloy and E+ levels of GaNgg^^P alloy less probable and hence a 
decrease in optical loss is observed in device B compared to device A.
Hence we conclude that performance improvement has been observed in the current 
Ga(NAsP)/GaP lasers compared to the previously reported devices. However device 
performance is still limited possibly by the higher optical or recombination loss and carrier 
leakage mechanism through the nitrogen induced states. Improvements in laser characteristics 
are expected by further careful optimization of the growth conditions of the barriers as well 
as of the design of the laser layer sequence to optimize optical and electrical confinement.
Chapter 5
Band structure properties of novel B^Gai^P alloys for silicon  
integration
5.1 Introduction and motivation
Recent significant improvements in novel dilute nitride Ga(NAsP)/GaP quantum well 
lasers [121] show a great promise for the realization of long term stable III/V  lasers grown 
monolithicaUy on silicon (Si). The key challenge is difficulties associated with integrating 
opticaEy efficient Ga(NAsP) active materials on silicon substrates. The Ga(NAsP)/GaP 
quantum well lasers described in Chapter 4 were grown on a GaP substrate. In order to 
transfer or integrate the Ga(NAsP)/GaP quanmm well on to a silicon substrate, a defect free 
GaP layer on silicon need to be grown which will ensure the realization of long term stable 
laser diode on a silicon substrate [148, 149]. The small lattice mismatch between GaP and 
silicon becomes a crucial aspect in the deposition of defect-free thicker III/V  materials. The 
extent of lattice mismatch between the GaP layer and silicon substrate is sensitive to the 
temperature due to the difference in the thermal expansion co-efficients of GaP and silicon 
[ISO]. Figure 5.1 shows the temperature dependence of the lattice constant of GaP and silicon
110
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(taken from [112]) between room temperature and lOOOK. Defect or misfit dislocations are 
mainly nucleated during the epitaxial growth process. Hence, it is essential to adjust the lattice 
mismatch between the GaP nucléation layer and silicon substrate at the growth temperature. 
The preferred growth temperature for Ga(NAsP) is 575°C (as described in Chapter 4). From 
Figure 5.1 it can be clearly seen that there is significant lattice mismatch between the GaP and 
silicon substrate around the growth temperature and this lattice mismatch needs to be 
adjusted. The incorporation of small percentages of boron (B) into GaP ensures the 
adjustment of the III/V  lattice constant towards that of silicon [148]. Figure 5.1 also shows 
the lattice constant of (BGa)P alloys with different boron contents as a function of 
temperature. It can be seen that lattice mismatch between the GaP nucléation layer and 
silicon substrate can be adjusted by varying the boron content at different growth 
temperatures. However, if the integral strain of the entire Ga(NAsP) quantum well devices 
structure becomes very high during cooling down (from device growth temperature to room 
temperature) then the structure wiU crack. On the other hand, post-growth annealing 
procedures under high temperatures (above the growth temperature) are needed in this laser 
material to improve its structural and optical properties [140], as in other dilute nitride laser 
materials [151]. Hence, precise strain management is necessary in the entire III/V  device 
structure to grow high quality material using the appropriate boron content. It should be 
noted that, instead of boron, nitrogen can also be used with GaP to adjust the lattice constant 
between the GaP nucléation layer and silicon substrate. However, the E_ level of GaNP alloy 
lies far below the X-minima of GaP (~0.3 eV below the GaP minima only for 0.9% nitrogen 
as shown in Figure 4.24), which reduces the conduction band offset and hence may give rise 
to a carrier leakage path, which is described in Figure 4.23 in Chapter 4. Moreover, a high 
optical loss in the devices may be observed if the E+ level of GaNP alloy stays close to the 
resonant. The optical loss due to the transition between the E_ level of Ga(NAsP) alloy and 
E+ levels of GaNgog^P alloy is discussed in Subsection 4.4.3 in Chapter 4.
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Figure 5.1: (taken from [112]) Lattice constant of GaP (black circles) and silicon as a function 
of temperature [148]. The thermal expansion coefficients are 3.3*10 '’ nm /K  for GaP and 
2.1*10“'’ nm /K  for silicon. Four additional dashed lines represent the temperature dependence 
of (BGa)P with varying B concentration, assuming the same thermal expansion coefficient as 
GaP.
On the other hand, the incorporation of B into GaP using metal organic vapour phase 
epitaxy (MOYPE) can be easily controlled by the gas phase ratio of the applied precursors. In 
addition the thick grown layers of (BGa)P on silicon show high crystalline quahty. The large 
band gap and low refractive index of (BGa)P alloys [152] has made them suitable to be used as 
cladding and contact layers in the Ga(NAsP) based quantum well material system. For this 
reason, boron is preferable compared to nitrogen to incorporate in the GaP barrier region to 
provide the lattice-matched deposition of thick III/V  cladding layers and for the strain 
compensation of the comptessively strained Ga(NAsP) quantum well material.
The design of an optically efficient Ga(NAsP) based quantum well structure requires 
precise knowledge of the band structure properties of (BGa)P alloys as a function of boron
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content. However, (BGa)P is a poorly known material system with little published 
experimental data on its optical charactenstics. Both GaP and BP are inditect band gap 
material. The direct (indirect) band gap of GaP and BP are 2.76 eV [153] (2.2 eV [137]) and 5 
eV [154] (2.1 eV [155]), respectively. Recently, a decrease in both direct and inditect band gap 
of (BGa)P alloys with increasing boron content is theoretically predicted [156]. Also, a direct 
band gap in (BGa)P alloys independent of boron composition (up to 2.8% boron) is reported 
in [157]. Due to the large miscibihty gap of (BGa)P alloys, theoretically only 2% of Ga atoms 
can be substituted by boron around the growth temperature (575°C - 675°C) of Ga(NAsP) 
active material [156]. However, experimentally (BGa)P alloys up to 4% boron have been 
grown and reported [157].
In this Chapter, the band structure properties of novel (BGa)P layers up to 6% boron 
contents are investigated using surface photo-voltage (SPV) spectroscopy. The detailed 
experimental and theoretical studies are undertaken to reveal the dependence of the direct 
and indirect band gaps for strained (BGa)P layers grown on silicon as a function of boron 
composition from which the properties of free-standing B^ ^Gaj.^ P are also determined. 
Furthermore, to verify the suitability of this novel material for silicon integration, the high 
crystal quality and promising optical material properties are demonstrated from high 
temperature annealed lattice matched monohthicaUy integrated Ga(NAsP)/(BGa)P multi­
quantum well heterostructures (MQWHs) on a (001) silicon substrate, where a novel (BGa)P 
layer is used for strain compensation purposes.
Chapter 5 consists of five sections. Section 5.2 discusses the background theory (in 
addition to the general theory of Chapter 2) on surface photo-voltage spectroscopy required 
to explain the experimentally measured band structure properties of (BGa)P layers. The 
measurement and analysis of band structure properties of (BGa)P layers is described in 
Section 5.3. The suitability of (BGa)P layers for the integration of Ga(NAsP) quantum well
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materials on silicon substrate is discussed in Section 5.4. Section 5.5 summarizes the optical 
properties of (BGa)P layers, suitability and challenges in developing (BGa)P layers for the 
future integration of Ga(NAsP) based active matenal on a silicon substrate.
5.2 Background theory
Initially, due to its simplicity, photoluminescence (PL) and photo-modulated reflectance 
(PR) spectroscopic techniques were attempted on aU samples at room temperature and low 
temperature to investigate the band structure properties of (BGa)P samples. Transmission, 
photo-modulated transmission and electro-modulated reflectance (ER) spectroscopic 
techniques were also tried at room temperature on aU samples. However, none of those 
spectroscopic techniques gave a measurable signal. The fact that thin layers (~250 nm) of 
(BGa)P materials were grown on thick (~600 pm) silicon substrate. The band gap of (BGa)P 
is expected to be much lower (close to the band gap of GaP (~ 2.1 eV)) compared to the 
band gap of silicon (1.11 eV). During the transmission (transmission/absorption, photo- 
modulated transmission) measurements the transmitted light from (BGa)P layer is absorbed 
by the silicon substrate and hence it is difficult to measure the transmission spectra of (BGa)P 
layers on a silicon substrate. On the other hand, during PL, PR and ER measurements the 
photons generated near the band edge of (BGa)P material are also heavily absorbed by silicon 
and hence reflection is very weak. This led us to investigate surface photo-voltage 
spectroscopy, in order to find a spectroscopic method that worked on all the samples. 
Subsection 5.2.1 discusses the basic concepts of surface photo-voltage spectroscopy.
5.2.1 Surface photo-voltage spectroscopy
In this subsection we briefly discuss the physical principle behind surface photo-voltage 
spectroscopy. More detail about surface photo-voltage spectroscopy can be found in the
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comprehensive work by Kronik and Shapira in [158]. The distribution of attraction force on 
the electrons in the conduction or valance band in a material is known as potential 
distribution. The change in the potential distribution at the surface of a material due to the 
illumination by an external source is known as the photovoltaic effect. This effect was first 
observed using an experimental method by Becquerel in 1839 [159]. If a semiconductor 
material (with grounded Ohmic back contact) is illuminated by an external source then a 
combination of charge transfer and redistribution in the material surface creates a surface 
photo-voltage. If no external field is applied then the charge neutrality rule holds regardless 
of the illumination [160], i.e.
Q ss= -Q sc  (5-1)
Where Qgg and are the net surface charge per unit area and net charge in the surface 
space charge region per unit area, respectively. However, both Qgg and Qg  ^ may change 
significantly upon illuminated by an external source. The absorbed photons induce the 
formation of free carriers by creating electron-hole pairs. For this reason a significant amount 
of charge may be transferred from bulk to surface or surface to the bulk and/or redistribute 
within the surface or the bulk [158]. The charge distribution and electric potential are related 
to each other. As a result the potential drop across the surface space charge region and hence 
the surface potential changes. To explain the surface photo-voltage effect more clearly, a 
depleted n-type semiconductor surface is considered as shown in Figure 5.2. In the presence 
of electronic surface states in the band gap, thermal equilibrium (characterized by a constant 
Fermi level, Ep throughout the crystal) can only be established by a charge transfer between 
the bulk and semiconductor surface. As a result, the surface carries a charge which is 
neutralized by an opposite charge from the vicinity of the surface, which depletes the vicinity 
of surface majority carriers. This charge distribution causes a built-in electric field 
accompanied by band bending. The illumination of the surface by an external source with
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Figure 5.2: Generation of a surface photo-voltage (SPV) at a depleted n-type surface 
Uuminatinng by an external source with photon energy greater than the band gap [161].
photon energy greater than the band gap creates electron-hole pair separated by built-in field 
as shown in Figure 5.2. As a result a charge distribution takes place along with the change in 
band bending. This shift of the band bending with respect to the equilibrium value is called 
the surface photo-voltage. The method of determinig the band structure properties of 
(BGa)P material using surface photo-voltage spectroscopy is described in Section 5.3.
5.3 Band structure properties of B^Ga^^P materials
The surface photo-voltage measurements were performed on B^ Ga^ _^ P epi-layers with 
various boron concentrations and layer thicknesses, as shown in Table 5.1. Surface photo­
voltage has been proven to be a versatile spectroscopic characterisation technique and 
provides the means to reveal material band-structure information at room temperature, 
without the need for cryogenics as is often necessary with other conventional spectroscopic 
measurements [158, 162]. Surface photo-voltage can be thought of as a type of absorption 
spectroscopy; for photons incident on the sample of energy hv, greater than the band gap 
energy E ,^ electrons and holes are generated which separate in the internal field and generate a 
measurable open-circuit voltage (V^J. In most semiconductors, there is a large increase in the
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Table 5.1: The studied B^ Ga^ _,.P layers showing the different B concentrations and layer 
thicknesses.
B^Gai_,.P layer Thickness (nm)
0^.022^ ^^ .978^ 500
0^.032^ ^^ .968^ 4000
0^.037^ 1^.963^ 1000
0^.046^ 0^.954^ 250
®0.06f^ 0^.94f^ 250
System response, (^(X) 
Raw SPV
a-SPV/(|)(L)
500 550 600 650 700 750 800 850
Wavelength (nm)
Figure 5.3: Example measured raw SPV (for B=6.0%) at RT and system response cp(L) 
spectra, together with the resulting deduced absorption spectrum a(X).
absorption coefficient a  near the band gap energy. Therefore, a significant increase in surface 
photo-voltage signal can often be observed at, and above, approximately Eg The haw’ SPV 
spectrum after division by the system response q)(k) yields a spectrum that is essentially 
proportional to the sample absorption spectrum a(k). In what follows, when a(k) is referred, 
it is to be understood that other factors are ignored. The surface photo-voltage spectra of 
B^Gai_,.P layers were measured in the standard way [163] (as described in Subsection 3.3.1 of 
Chapter 3), in the range 475-875 nm at room temperature. There was no measurable signal
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Figure 5.4: The as a function of photon energy (for boron = 6%). It can be clearly seen 
that the response has two distinct spectral regions. The indirect transition is determined 
from the first region and found to be —1.91 eV.
below 475 nm. Figure 5.3 shows an example Taw’ surface photo-voltage spectrum as 
measured, system response and corresponding absorption spectrum as a function of 
wavelength for the BoQ^oGa^ g^P sample at room temperature. The energy band gap (EJ may 
be reliably obtained using the well known relations [158, 164]:
SP V cc (X  cc (hv — E  for indirect gap semiconductors
SPV oc ûf oc Jhv — E  for direct gap semiconductors.
(5.2)
(5.3)
In Figure 5.4, the dependence of (a)^ ^^  versus photon energy is shown, to distinguish the part 
of the spectrum where indirect transitions are dominant. Figure 5.4 shows that the (a)^ ^^  
response has two distinct spectral regions. The first region, between about 1.8 and 2.3 eV, is 
linear and can be evidently associated with indirect electron transitions in accordance with
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o a d e p e n d e n c e  
•  a  d e p e n d e n c e  { a ‘^  subtracted)
-(2.31 ±0.01 )eV
1.4 1.6 1.8 2.0 2.2 / 2.4 2.6 2.8
Energy (eV)
Figure 5.5; Deterrnination of the direct bandgap from the qlQC) measurement (for B=6.0%) 
The Hnes show fits with Equations 5.2 and 5.3.
Equation 5.2 above. The photo-threshold of this process is determined from the linear 
extrapolation and intersection of the fits shown in the figure as —1.91 eV, according to 
Equation 5.2. The second region in Figure 5.4, above —2.3 eV, where the a response 
increases abruptly, corresponds to the onset of direct electron transitions from the top of the 
valence band to the conduction band. The probability of this process is significantly larger 
than that of the indirect process since it does not require phonons to conserve momentum 
and energy [164]. In order to reveal this more clearly. Figure 5.5 shows (a)  ^ as a function of 
energy, which we would expect from Equation 5.3 to show a linear contribution above the 
corresponding direct band gap energy. In order to reveal and analyse this region the Hnear
(a)^ ^^  behaviour due to the indirect process is subtracted, with the result as shown in Figure 
5.5. A linear fit to these data as shown in the figure reveals the photo-threshold in this case to 
be —2.31 eV. The results of such analyses for all the samples are shown in Figure 5.6. At the 
beginning of the surface photo-voltage measurements on B,.Ga^ _,.P samples, the surface 
photo-voltage of a pure GaP substrate was measured as a reference. The measured indirect 
band gap of pure GaP was found to be —2.23 eV, which is consistent with hterature [158]. 
Note that although it was possible to determine the indirect band gap from surface photo-
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Figure 5.6: The measured direct and indirect band gaps from surface photo-voltage, the 
calculated strain-induced direct and indirect bandgap change (from Equation 5.4), and the 
finally determined direct and indirect band gaps with effects of strain removed.
voltage for all samples studied, the surface photo-voltage signals could not provide 
unambiguous information on the direct band gap for the two lowest-B samples and pure GaP 
substrate because it was not possible to find a measurable signal below 475 nm due to the 
high noise in the measured signal.
Now because the B,.Ga  ^,.P layers are grown on silicon they wül be subject to tensile strain 
for boron concentration higher than 2%. Therefore, part of the observed decrease in the 
surface photo-voltage measured band gaps with increasing boron content in Figure 5.6 is due 
to strain. In order to determine the change in band gap due to boron incorporation alone, it 
is necessary to account for the effect of strain. The change in lattice constant of the B,.Ga^ _,,P 
epi-layers can be calculated from the simple relation [165]:
a, -  as _ G
C j j - i - 2 G j 2  V  Cl
(5.4)
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Figure 5.7: The change of lattice constant with B concentration measured from the high 
resolution x-ray defraction pattern of B^Ga .^^P layers around the (0 0 4)-reflection of Si.
where, and are the unstrained lattice constants of sihcon and bulk B,,Ga^ _,.P 
respectively, C^  ^ and C^ g the B^ Ga^ _^ P elastic moduli and the strained lattice
mismatch of the B,.Ga^ _,,P epilayer in the growth direction. The latter quantity can be 
measured by X-ray diffraction (XRD). Figure 5.7 shows example XRD spectra for B=2.2% 
and 6.0% (measured at Phihpps-University, Marburg by Sven Liebich). The deduced results 
for i^/\alaŸ are shown in Table 5.2. The relative strain in the in-plane direction for the 
B^ Ga^ _,.P epi-layer can be calculated from the relation [165]:
£ =
a,
(5.5)
The change of Eg due to the effect of strain on the B,,Ga^ _,.P epi-layer can then be determined 
by the following equation [165]:
- 2 p
C  - C  '-'12
c, C,
(5.6)
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Table 5.2; The studied B^ G^a^ .^ P^ layers and deduced lattice mismatch, from XRD.
B^ Ga^ _,^ P layer (A a/ a)^(%)
^0.022^^0.978^ -0.04
^0.032G%968^ -0.31
^0.03?f^%963^ -0.47
®0.046^%954^ -0.77
^ 0.06^ ^ 0.94!^ -1.2
where p and q are hydrostatic and shear deformation potentials, respectively. The values of 
Cii, Cj2, p and q for B^ G^a^ .^ P^ are calculated from the corresponding values of GaP and BP as 
shown in Appendix B and using Vegard’s law for ternary alloys [142]. The lattice constant of 
GaP decreases when alloyed with boron, which also change the band gap. The energy gap as a 
function of lattice constant of the most common III-V semiconductors is shown in Figure 
4.1 in Chapter 4. From XRD measurements, as shown in Figure 5.7, a Bo o22Gao 97gP layer with 
2.2% boron can be used to compensate the lattice mismatch between GaP and silicon at 
room temperature. Increasing the boron content in GaP from 2.2% to 6% a decrease of the 
lattice constant by a further ~0.03 Â (calculated from Equation 5.4), causes a tensile strain in 
the BgQgGagg^ P layer on the silicon substrate. Figure 5.6 shows the resulting calculated 
change of Eg for B^ G^a^ .^ P^ due to strain (from Equations 5.5 and 5.6) as a function of boron 
concentration, for the direct and indirect band gaps, respectively. The direct band gap of GaP 
(~2.76 eV) required for this calculation is taken from literature [153], [155]. By adding the 
calculated strain-induced AEg of B,^ Gai.,^ P (from Equation 5.6) to the corresponding measured 
Eg (from surface photo-voltage), it is possible to determine the Eg values of free-standing 
B,^ Gaj_,.P, for direct and indirect band gaps, respectively (as shown in Figure 5.6). The 
resulting indirect band gaps are reproduced in Figure 5.8 where the Eg value of B,^ Ga^ _,^ P for 
B=100% (BP) is taken from the literature [155]. Figure 5.8 shows a fit of Vegard’s law for 
ternary alloys to these indirect band gap results giving a bowing parameter (C) value of
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Figure 5.8: The strain-free indirect band gap deduced from SPV (inset) and a fit with Vegard’s 
law (curve) giving the bowing parameter C, as shown -6.2±0.2 eV.
-6.2+0.2 eV for the B^Ga  ^ .^P indirect band gap. These experimental results agree well with 
recently published theoretical results on B^ Ga^ _^ P [156].
The lattice mismatch between the GaP and sihcon substrate around the growth 
temperature of Ga(NAsP) active material may be adjusted by incorporating a boron content 
up to ~5% into the GaP alloys (as shown in Figure 5.1). The surface photo-voltage 
measurements on B^Ga  ^,.P alloys show that direct (indirect) band gap of GaP alloys decrease 
from 2.76 eV (2.2 eV) to 2.4 eV (1.8 eV) at room temperature, respectively for a boron 
content of ~6%. Hence, the required B,.Gaj ,.P ahoys have a significantly larger band gap 
(both direct and indirect) compared to the direct band gap of Ga(NAsP) active material (-1.2 
eV at room temperature). The band ahgnment of Ga(NAsP)/ (BGa)P/Si heterostructure will 
be described in Chapter 6. Moreover, a low refractive index of B,.Ga  ^,.P alloys was recently 
reported by S. Rogowsky et. al. [166]. The refractive index in the transparency region of the 
(BGa)P layers has been found to increase shghtly upon boron incorporation by as much as
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1% at a photon energy of 2 eV and for the maximum boron concentration. For these reasons 
BjjGa^ .^ P^ ahoys show potential as cladding, contact and strain compensating layers for the 
future integration of Ga(NAsP) active material on shicon substrate which is discussed in the 
next section.
5.4 Suitability of layers for the integration of Ga(NAsP) QW
lasers on silicon
In this section the integration of Ga(NAsP) multi quantum weU lasers on a silicon 
substrate using (BGa)P strain compensating layer is discussed. A Boo2iGaQ97gP layer on silicon 
aUows for the deposition of an unstrained III/V  layer on silicon at room temperature. 
Nevertheless, at the growth temperature of 575 C, Boo2iGaQç,79P is compressively strained 
(0.13%) on silicon. The deposition of lattice-matched material at growth temperature requires 
a BgogGag 97P layer, which leads again to tenshe strain in the III/V  layer at room temperature 
[148]. To improve the optical properties of this novel Ga(NAsP) material, a post-growth 
anneal is required at 850 C [140]. If the integral strain of the entire III/V  material system 
becomes too high during cooling down, the III/V  film may crack. So far, there is no evidence 
of any cracking during cooling down after the deposition of 4 pm Bg ogGag 97P layers on sihcon 
[148], which is sufficient to realize the first lattice matched monohthicaUy integrated 
semiconductor lasers on sUicon. Figure 5.9(a) schematicaUy illustrates the design of the 
Ga(NAsP)/(BGa)P/Si multi quantum weU heterostmcture. The III/V  growth starts with a 
GaP nucléation layer of approximately 110 nm thickness. This nucléation layer is foUowed by 
a 1000-nm-thick BQQ^ gGaQ9g7P layer. The multi quantum weU stmcture consists of three 
Ga(NAsP) quantum weUs embedded in — 64-nm-thick Bgo^ ^Gag gg^ P barriers. In this stmcture 
the strain compensation of the quanmm weUs at growth temperature requires a B- 
concentration of about 4.6% in the barrier material. Furthermore, every quanmm weU was 
embedded in — 5-nm-thick GaP intermediate layers to avoid the formation of N—B bonds.
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Figure 5.9: (a) Ga(NAsP)/(BGa)P/Si multi quantum well heterostrucmres on süicon. (b) 
High-resolution XRD pattern of a Ga(NAsP)/(BGa)P/Si multi quantum weU 
heterostructures around the (0 0 4)-reflection of silicon [167].
which create strong non-radiative centres and degrades device performance [168]. The 
complete multi quantum weU structure is then capped with a 50-nm-thick Bo.ossGaoggyP layer. 
Figure 5.9(b) compares the XRD pattern (measured at Phihpps-University, Marburg by Sven 
Liebich) of the Ga(NAsP)/(BGa)P/Si multi quantum weU heterostructures annealed at 850 
C (upper trace), as-grown (middle trace), and a pattern obtained by modeling using dynamical 
XRD theory (lower trace). A very good agreement between annealed, as-grown and theory is 
obtained. The narrow line width of the XRD satellite reflections, which remain constant up to 
the highest diffraction orders, proves that abrupt interfaces have been reahzed and underlines 
the high crystal quahty for the annealed sample in the same way as for the as-grown sample. 
No indication of dislocation formation during epitaxial layer deposition and during anneahng 
is observed as this would lead to a significant broadening of the entire experimental XRD 
pattern. Besides the appearance of the multi quantum weU satellite fringes, the corresponding
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Figure 5.10: (a) AFM image of a Ga(NAsP)/(BGa)P/Si multi quantum weU heterostructures,
(b) PL spectra at RT of a Ga(NAsP)/ (BGa)P/Si multi quantum weU heterostructures [167].
peaks of the GaP nucléation layer as well as the thick (BGa)P can also be clearly distinguished 
close to the sihcon substrate peak - see arrows in Figure 5.9(b). The high crystaUine quahty is 
further evidenced by atomic force microscopy (AFM) imaging (measured at Phihpps- 
University, Marburg by Sven Liebich) the surface of the multi quantum weh heterostructure 
as shown in Figure 5.10(a). The surface morphology is flat within a height scale of 2 nm. 
There are no defects or cracks visible confirming the high quahty crystal structure with 
smooth interfaces in this Ga(NAsP)/(BGa)P/Si multi quantum weh heterostructure.
The photoluminescence measurements (measured at Phihpps-University, Marburg by 
Sven Liebich) were carried out at room temperature to verify the good optical quahty of this 
material grown with the (BGa)P strain compensating separate confinement and barrier layers 
on shicon substrates. PL measurements were performed under excitation of the QWs using a 
continuous wave Ar-ion laser at a wavelength of 514 nm and incident power of 100 mW. The
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PL signal was dispersed by a Im  grating monochromator (THR 1000, Jobin-Yvon) and 
collected by a cooled germanium detector applying standard lock-in techniques. Figure 
5.10(b) shows a room temperature luminescence spectrum of a Ga(NAsP)/(BGa)P/Si multi 
quantum well heterostmcture annealed at 850 C (same sample of Figure 5.9(b)). The 
photoluminescence spectmm contains a luminescence peak coming from the Si substrate 
[148]. A strong photoluminescence peak at 1.33eV (930nm) originating from the active III/V  
material is also observed at room temperature. Taking into account the fact that the quantum 
well photoluminescence corresponds mainly to the direct photon absorption in the active 
material, the absolute intensity compared to the substrate luminescence is a promising 
indication of good optical material quahty.
5.5 Chapter summary
In this chapter the optical properties and potential of (BGa)P ahoys are investigated for 
the lattice-matched integration of novel Ga(NAsP) active material on a sihcon substrate. The 
band stmcture properties of (BGa)P ahoys are determined using surface photo-voltage 
spectroscopy. Detahed experimental and theoretical studies were undertaken to reveal the 
dependence of the direct and indirect band gaps for strained B^ G^a^ .^ P^ layers grown on sihcon 
as a function of boron composition. From these, the properties of free-standing B,^ Gai_,^ P are 
also determined. Both direct and indirect band gaps of B,^ Ga^ _,^ P ahoy (strained and 
unstrained) decrease with boron composition. For boron fractions up to 6% the bowing 
parameter for the lowest (indirect) band gap is found to be -6.2±0.2 eV. It is found that by 
varying the boron composition in B,.Ga^ _,^ P ahoys grown on sihcon one can mne the lattice 
mismatch between it and the sihcon substrate at different growth temperatures. Such data is 
important for the future development of III-Vs in optoelectronics. The direct (indirect) band 
gap of GaP ahoys decrease from 2.74 eV (2.2 eV) to 2.4 eV (1.8 eV) at room temperature, 
respectively for the incorporation of boron (into GaP) content of ~6%, which is significantly
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larger than the Ga(NAsP) direct band gap (1.2 eV at room temperature). Hence B^Gaj.^P 
aUoys show potential as a cladding, contact and strain compensating layers for integration of 
Ga(NAsP) active material on silicon substrate. A Ga(NAsP) multi quantum well structure was 
monohthicaUy integrated on an exact (001) silicon substrate using a (BGa)P strain 
compensating layer. The high crystalline quality of a Ga(NAsP)/(BGa)P/Si multi quantum 
well heterostructure (annealed at 850 °C) is demonstrated from the XRD pattern analysis and 
AFM imaging. Promising optical material quality of Ga(NAsP)/ (BGa)P/ Si multi quantum 
well heterostructure has been realized from photoluminescence measurements, which is a 
positive step towards a commercial solution for the monolithic integration of long term stable 
laser diodes on silicon substrates. However, it is necessary to investigate if the decrease in the 
indirect band gap of B^ G^a^ .^ P^ alloy causes any carrier leakage in Ga(NAsP)/(BGa)P/Si lasers 
structure. The recombination and loss mechanisms in Ga(NAsP)/(BGa)P/Si quantum well 
lasers will be investigated in Chapter 6.
Chapter 6
Recombination and loss mechanisms in novel 
G a(NAsP)/(BG a)P quantum well lasers on silicon substrates
6.1 Introduction and motivation
The significant performance improvement in novel dilute nitride Ga(NAsP)/GaP 
quantum well lasers [121, 169] and the suitability of (BGa)P layers to adjust the lattice 
mismatch between the GaP and silicon at different growth temperature [152,170] are positive 
steps towards a commercial solution for the monolithic integration of long term stable laser 
diodes on an exact (001) silicon substrates. The CMOS industry prefers an exact (001) silicon 
substrate because aU the device processing steps are specified based on this substrate, which 
may have an unintentional misent of ±0.5° from the (001) orientation. Re-specification of 
device processing steps on a silicon substrate with an orientation other than (001) or having 
larger offcut angles from (001) orientation may lead to higher cost and hence need to be 
avoided [171, 172]. A defect (dislocations, stacking faults, twins and/or antiphase disorder) 
free GaP nucléation layer is required beforehand for the epitaxial growth of the
129
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Ga(NAsP)/(BGa)P III/V  material on an exactly oriented (001) silicon substrate. The growth 
of a GaP nucléation layer on an exact (001) silicon substrate involves a two step process. 
During the first step a homoépitaxial silicon buffer is deposited on a (001) silicon substrate. 
The GaP nucléation layer is deposited on the homoépitaxial silicon buffer during the second 
step [173, 174]. Monoatomic steps on the homoépitaxial silicon buffer layer lead to antiphase 
domain disorder in the GaP nucléation layer [175, 176]. Perfect double steps on the 
homoépitaxial silicon buffer layer are required to ensure the defect fiee growth of GaP 
nucléation layer. It has been reported that monoatomic steps are more stable in a 
homoépitaxial silicon buffer deposited on an exact (001) silicon substrate [177-179]. Double 
steps become increasingly more stable with increasing offcut angle of the silicon substrate 
from (001) orientation to (110) orientation [180-182]. However, due to the preference of the 
CMOS processing industries perfect double steps need to be ensured on the homoépitaxial 
silicon buffer layer grown on an exact (001) silicon substrate.
The devices in this study were grown using metal organic vapour phase epitaxy, where 
silicon substrate is covered with hydrogen. The hydrogen plays a crucial role during the 
growth of the homoépitaxial silicon buffer layer. It has been reported that double steps on the 
homoépitaxial silicon buffer layer (grown on an exact (001) silicon substrate) are more stable 
than monoatomic steps at 950 mbar hydrogen gas pressure [171, 183]. A slight miscut angle 
fiom (001) orientation to one of the (110) direction is required to allow the formation of 
double steps. However, if the miscut is more than 0.2° then monoatomic steps can be formed 
again. The exact (001) silicon substrates used to grow the devices in this study have a miscut 
angle of 0.2° towards the (110) direction, which is within the error limits (±0.5°) of CMOS 
processing industries.
During the growth of GaP (the polar III/V  material) on silicon (the non-polar group IV 
material) the electric charge conditions of the GaP-silicon interface need to be considered. In
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order to prevent any defect formation in the GaP nucléation layer it is essential to guarantee 
charge neutrality along the GaP-silicon interface and avoid unwanted cross-doping caused by 
atomic diffusion into the respective heterolayers [148, 184]. In order to ensure charge 
neutrality an equal number of süicon-Ga and sihcon-P bonds are required at the süicon-GaP 
interface. An unequal number of shicon-Ga and silicon-P bonds introduce significant charge 
at the silicon-GaP interface, which causes island-Hke three dimensional growth. The three 
dimensional islands may merge together towards the growth direction to form stacking faults 
as well as twins [171, 185]. An appropriate GaP nucléation temperature is required for perfect 
deposition of the Ga and P atoms at the homoépitaxial silicon buffer layer. If the nucléation 
temperature is less than 450°C then the GaP growth rate becomes too low due to the rapid 
decrease in triethyl gallium decomposition [171]. On the other hand, at a high nucléation 
temperature, P-atoms may diffuse to the GaP-sihcon interface. As a result, excess and more 
stable P-silicon bonds introduce a non-charge neutral GaP-silicon interface. This charge 
builds up at the GaP-sihcon interface and causes an island-like growth towards the formation 
of defects.
The choice of the growth mode also influences the deposition of Ga and P atoms at the 
homoépitaxial sihcon buffer layer [186, 187]. In case of Ga-dominated continuous growth the 
excess amount of Ga in the first monolayer may form metal droplets, which introduce defects 
in the growth direction. Morover, hquid Ga may dissolve large quantities of crystalline sihcon. 
This dissolved sihcon incorporates with the GaP nucléation layer and the dips in the shicon 
layer are fihed with GaP, which results significant doping across the GaP-sihcon interface and 
hence needs to be avoided. On the other hand, during the P-dominated continuous growth 
the excess amount of P in the fitst monolayer may also form a non-charge neutral GaP- 
shicon interface. It has been reported that flow rate modulated growth at 450°C is suitable for 
charge neutrahty along the GaP-shicon interface to ensure defect-free growth of the GaP 
nucléation layer [171]. Figure 6.1 shows the transmission electron micrograph of the GaP
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nucléation layer grown at 450°C (taken from [171]). Figure 6.1 (a) and (c) show the results for 
continuous growth mode, Figure 6.1 (b) and (d) shows the results for flow rate modulated 
growth. On the other hand. Figure 6.1 (a-b) depicts the Ga-started nucléation and Figure 6.1 
(c-d) depicts the P-started nucléation of GaP-shicon interface. It can be clearly seen that 
continuous growth mode (irrespective of whether it is a Ga or P-started first monolayer) 
results in three dimensional island-Hke structures on the homoépitaxial silicon buffer layer 
and hence causes stacking faults (marked by white arrows). On the other hand flow rate 
modulated growth shows a stacking fault free two dimensional structure on the homoépitaxial 
sihcon buffer layer (Figure 6.1 (b) and (d)).
MW.
Figure 6.1: The transmission electron micrograph of GaP nucléation layer on shicon at 450°C 
nucléation temperature (taken from [171]). Continuous growth mode Figure 6.1 (a) and (c); 
flow rate modulated growth Figure 6.1 (b) and (d). The Ga and P-started nucléations are 
depicted in Figure 6.1 (a-b) and Figure 6.1 (c-d), respectively.
Although it is possible to prepare the homoépitaxial shicon buffer layer with a maximum 
portion of double steps at the surface, a complete double step homoépitaxial shicon buffer 
layer on an exact (001) shicon substrate is hard to achieve. For this reason antiphase disorder 
may sthl exist in the GaP nucléation layer, which is grown with optimized growth conditions 
to avoid the defects. A GaP overgrowth layer may be deposited on the thin GaP nucléation 
layer to self-anrdhhate the remaining antiphase disorder [185]. The growth temperature of the
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overgrowth layer plays a key role for the self-annihilation of antiphase disorder. It has been 
observed that self-annihilation cannot be achieved if the GaP overgrowth layer is deposited at 
the GaP nucléation temperature (450°C) [171]. A GaP overgrowth layer grown at 625°C has 
found to be suitable for the self-annihüation of antiphase disorder due to the increased atom 
mobility on the surface at this temperature. However, the strain of the antiphase disorder (at 
the GaP-shicon interface) due to the extremely high mobhity of atoms under overgrowth 
condition may result in significant surface undulations. A V /III ratio of 10 at 625°C is found 
to be optimum for the deposition of the GaP overgrowth layer, which results in a self- 
annihhation of remaining antiphase disorder and provides a CMOS compatible smooth GaP- 
shicon template for the subsequent lattice-matched growth of Ga(NAsP)/(BGa)P based 
active material. Further detah about the shicon surface preparation, deposition of GaP 
nucléation and overgrowth layers have been described in the hterature ([188, 189] and 
references therein). The growth, processing and optical injection lasing in
Ga(NAsP)/(BGa)P/Si multi-quantum well heterostructure has been reported by Kunert et.
al. in ref. [172]. We have observed for the first time electrical injection lasing up to 165 K in 
lattice-matched monohthicaUy integrated Ga(NAsP)/(BGa)P quantum weU lasers on an exact 
(001) shicon substrate, which whl be described in Section 6.3 in this chapter. However, 
obtaining room temperature lasing operation in Ga(NAsP) /  (BGa)P/ Si quantum weU lasers 
requires a better understanding of the physical properties of these devices. This chapter 
investigates the recombination and loss mechanisms of Ga(NAsP)/(BGa)P/Si quantum weU 
lasers to further optimize the device performances.
Chapter 6 consists of six sections. Section 6.2 discusses the background theory (in
addition to the general theory of Chapter 2) required to explain the experimental results on
Ga(NAsP)/ (BGa)P/Si quantum weU lasers. Section 6.3 describes the recombination and loss 
mechanisms of Ga(NAsP)/(BGa)P/Si quantum weU lasers operating at 165 K. Section 6.4 
describes the influence of device structure on the performance of Ga(NAsP) / (BGa)P/ Si
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quantum well lasers. Section 6.5 investigates the effect of shicon substrate orientation to 
reduce the crystal defects and performance improvement of Ga(NAsP)/(BGa)P/Si quantum 
well lasers. Section 6.6 summarizes the recent improvements, efficiency limitations and 
further optimization of Ga(NAsP)/(BGa)P/Si quantum well lasers.
6 . 2  B a c k g r o u n d  t h e o r y
A defect free and thin GaP nucléation layer on a shicon substrate is the key for lattice- 
matched integration of Ga(NAsP)/ (BGa)P quantum weU materials on an exact (001) silicon 
substrate. The charge neutrahty of the GaP-sihcon interface plays a decisive role to avoid 
antiphase disorder, stacking faults and twins in the III/V  materials grown on it. The shicon 
surface orientation may also play a key role in the formation of antiphase disorder. The next 
subsection presents the brief theoretical discussion on the charge neutrahty, antiphase 
disorder, stacking faults and twins.
6.2.1 Charge neutrality of the GaP-silicon interface
The GaP nucléation layer on sihcon substrate is one of the bulk sublattices of the entire 
Ga(NAsP)-based III/V  laser structure. Since GaP is polar and sihcon is non-polar, the 
electric charge conditions of the GaP-shicon interface have to be considered. Both Ga-shicon 
and P-shicon bonds carry electric charge [190]. During the nucléation of the thin GaP layer, 
if the first atomic plane on the sihcon surface is a continuous Ga plane or continuous P plane, 
the two bonds with the shicon lattice introduce a donor-hke charge defect. This charge buhds 
up an electric field in the epitaxial layer. The Ga or P atoms at the GaP-sihcon interface whl 
be affected by the charge induced electric field, since the charge extends over a large distance 
in the material. This causes island-hke three dimensional growth and hence the possibhity of
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defect formation in the growth direction. The charge not only affects the GaP crystal but also 
the topmost sihcon atomic layer. Shicon atoms may leave the last shicon-plane and either 
incorporate in the GaP nucléation layer, or leave the crystal [171].
6.2.2 Antiphase disorder
During the growth of the GaP layer on shicon, crystal domain with relatively reverse 
polarity may be formed. Such a crystal domain is known as an antiphase domain. If two 
domains with different polarity join together during growth then an antiphase boundary is 
formed [191, 192]. Figure 6.2(a) shows that the nucleated first monolayer of the GaP is not a 
continuous monolayer. As a result the nucleated GaP crystal domains (Ga-started and P-
XCCwXOOCx!‘
W (b)
Figure 6.2: (a) Antiphase boundary on an atomicahy smooth (001) sihcon surface due to the 
non-continuous first monolayer, (b) Antiphase boundary is formed due to the presence of 
monolayer high steps at the sihcon surface, although the first monolayer is continuous [185].
started) on the (001) sihcon surface are rotated by 90° around the (001) direction. Although 
the GaP material is nucleated on an atomicahy smooth sihcon surface but not with the same 
initiating face-centered sublatice, hence an antiphase disorder is formed. Figure 6.2(b) shows 
that nucleated first monolayer of the GaP is a continuous monolayer but the sihcon surface 
has monolayer high steps and hence an antiphase disorder is formed again. These two types 
of antiphase domain may have their interfaces on various crystaUographic planes [193]. In the 
case of a stoichiometric antiphase boundary the numbers of Ga-Ga and P-P bonds are equal.
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So the total numbers of Ga and P atoms are the same as in perfect crystal. However, as the 
strength of Ga-Ga and P-P bonds are not the same as covalent Ga-P bonds, the local bonds 
become distorted. In the case of non-stoichiometric antiphase boundaries the numbers of 
Ga-Ga and P-P bonds are not equal. In this case there will be a net surplus of either Ga-Ga 
or P-P bonds. These antiphase boundaries are highly energetic defects and problematic for 
the long term stability of laser diodes.
6 .2 .3  S t a c k i n g  f a u l t s  a n d  t w i n s
Let us assume that GaP crystal is a stack of three different planes, called A, B and C, as
they follow each other. In case of a perfect crystal, the stacking sequence is: .................
ABCABCABCABC .................  If this stacking sequence is changed for some reason then
stacking faults arise. For example, let us assume that plane B has moved to the original 
position of plane C, so plane C is now becoming the original B. So the distorted stacking
sequence is  ABCABCABCABC  =>  ABCA | CABCABC  If the
stacking sequence is changed so that it is mirror symmetric with a stacking sequence o f .........
ABCABCABCABC.............. =>   ABCABCCBACBA, the crystal on one side of the
plane joins its twin from the other side. This is known as a microtwin. It has been reported 
that stacking faults and microtwins are generated during the initial growth stage [171, 194]. 
Three dimensional growth due to the non-charge-neutral GaP-shicon interface may cause the 
formation of stacking faults and twins in Ga(NAsP)-based quantum weU lasers grown on an 
(001) silicon substrate.
6.3 Device characteristics of Ga(NAsP)/(BGa)P/Si QW lasers
In this section, Ga(NAsP) / (BGa)P quantum well lasers monohthicaUy integrated on a 
(001) shicon substrate are characterized under electrical injection and discussed. The detahs of
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the laser structures (#16052, #16053 and #16195) investigated in this Chapter can be found 
in Appendix C. For Section 6.3 all the measurements are taken on device #16195. There are 
two subsections in Section 6.3. Subsection 6.3.1 discusses the temperature dependence of the 
threshold current, emission wavelength, differential quantum efficiency and pure spontaneous 
emission to investigate the dominant carrier recombination mechanisms in the devices. The 
pressure dependent measurements of threshold current, emission wavelength and differential 
quantum efficiency allow the identification of the important non-radiative recombination 
process (es) in the devices, which is discussed in Subsection 6.3.2.
6.3.1 Recombination mechanisms in Ga(NAsP)/(BGa)P/Si QW lasers
Temperature dependent measurements over the range of 40 — 165 K  (with 10 K 
temperature steps) were performed using a standard closed-cycle cryostat set-up as described 
in Chapter 3 (Subection 3.2.3). On these devices, the lowest and highest temperature at which 
a threshold current could be measured was 40 K and 165 K, respectively. We note that, at 165 
K the threshold current for a 100 pm x 700 pm Ga(NAsP)/(BGa)P/Si single quantum well 
laser is ~1 Amp, whereas we were able to apply 3 Amp current using our voltage source. 
However, the device did not show any lasing above 165 K even applying this high current (up 
to 3 Amp). On the otherhand, we were able to repeat the measurement from 165 K  down to 
40 K with similar threshold behaviour. Hence, we assumed that the devices do not lase above 
165 K due to device limitations. At each temperature, both facet emission and spontaneous 
emission of the laser devices as a function of current were measured to quantify the threshold 
current and its radiative and non-radiative components. For these cryostat measurements the 
facet emission is fibre coupled and the detector consists of a Peltier-cooled ANDO AQ2140 
InGaAs detector. The spontaneous emission was collected from the side of the laser using an 
optical fibre and is analysed with a Peltier-cooled ANDO AQ2140 InGaAs optical power 
meter. The devices were measured as-cleaved under pulsed operation with 500 ns pulsed at a
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Figure 6.3; Light -  current curve for a 100 gm X 700 gm Ga(NAsP)/(BGa)P/Si single 
quantum well laser at 165 K, which gives a of ~1.6 kAcm"“. The emission wavelength 
measured at l.lj^^ (inset).
duty cycle of 10 kHz in order to reduce current heating effects. Figure 6.3 shows the 
measured Hght -  current curve for a 100 gm x 700 gm Ga(NAsP)/(BGa)P/Si single quantum 
well laser at 165 K, which gives a threshold current density of ~ 1.6 kAcm'^. The emission 
wavelength of the device was measured at LlJ^ j^  (inset of Figure 6.3) and the wavelength 
emission peak is found to be 861 nm at 165 K. We note that threshold current density in this 
device is significantly higher than that of the Ga(NAsP) QW lasers grown on a GaP substrate 
(devices grown on GaP substrate have a threshold current density of —0.54 kAcm'^ and a 
shorter emission wavelength, 861 nm compared with —923 nm for the GaP-based device at 
160 K). The characteristic temperature T„ (TJ can be calculated from the temperature 
dependence of threshold current density (external quantum efficiency) using the relations 2.27 
(2.28) (as described in Chapter 2 (Subsection 2.3.13)). The characteristic temperature 
determined from experimental data is compared with theoretical characteristic temperatures 
of each recombination mechanism to give an insight into the dominant
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Figure 6.4: The natural logarithm of measured threshold current as a function of temperature 
shows the comparison of characteristic temperature (T„) between the Ga(NAsP)/(BGa)P/Si 
quantum well lasers and Ga(NAsP)/GaP quantum well lasers.
carrier recombination mechanism in these devices. Figure 6.4 shows the natural log of 
measured threshold current as a function of temperature. From Figure 6.4 Tg is found to be 
— 198 K around 100 K. This unusually large Tg value at low temperature is an indication of 
material inhomogeneities within the active region [85]. This characteristic was also observed 
in the similar active material grown on GaP substrate as reported in [126]. The material 
inhomogeneities in current devices will be discussed in detail later in this subsection. Figure 
6.4 shows that Tg drops from 196±5 K at T = 100 K to 73±3 K at T = 165 K. For an ideal 
quantum weU laser, where radiative recombination dominates, one would expect Tg = T (as 
described in Chapter 2 (Subsection 2.3.13)). Hence, the non-ideal Tg at 165 K (Tg ~ 73 K) 
and rapid drop of Tg with increasing temperature suggests the presence of optical loss and/or 
non-radiative recombination in these devices as oserved in the GaP-based devices. Figure 6.4 
also shows a comparison of Tg between the currently measured device and the devices grown 
on a GaP substrate. The latter device las es up to room temperature and has a characteristic
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temaprature of 58±2 K at room temperature, as described in Figure 4.6(b) of Chapter 4. It 
can be clearly seen that, in addition to evidence for material inhomogeneities, current devices 
also have a lower characteristic temperature (Tg ~ 73 K for 120 K < T < 165 K) compared to 
than that of devices grown on a GaP substrate (Tg ~ 108 K for 120 K < T < 160 K) over the 
similar temperature range. Figure 6.5 shows the natural logarithm of measured differential 
quantum efficiency as a function of temperature. It can be seen that T^  ~ 99 K at 100 K, 
decreasing to ~ 35 K at 165 K. The significantly low value of T^  compared to than that of 
conventional GalnAs material system (for which T^  ~ 1000 K around room temperature 
[129]) as well as a rapid decrease in T^  with increasing temperature are also consistent with the 
presence of optical or recombination loss in these devices. Figure 6.5 also shows a 
comparison of T^  between the Ga(NAsP)/(BGa)P/Si quantum well lasers and the 
Ga(NAsP)/ GaP quantum well lasers. It can be clearly seen that, Ga(NAsP)/(BGa)P/Si 
quantum well lasers have a lower T^  value (T^  ~ 35 K for 120 K < T < 165 K) compared to 
than that of Ga(NAsP)/GaP quantum weU lasers (T^  ~ 87 K for 120 K < T < 160 K) over a 
similar temperature range. Hence, the measured threshold current density, emission
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wavelength and characteristic temperature impHes that the device performance has degraded 
after transferring from a GaP substrate to a silicon substrate. The ultimate goal of the novel 
Ga(NAsP)-based material system is to integrate it on an exact (001) silicon substrate. Hence, 
the reasons of performance degradation in the current devices need to be better understood 
in order to optimize and improve the device performance towards achieving room 
temperature lasing operation from an Ga(NAsP)/(BGa)P quantum weU laser monohthicaUy 
integrated on a sihcon substrate.
The spontaneous emission measurement aUows the determination of the radiative 
component of the threshold current density. The spontaneous emission at threshold 
(Lspon) is proportional to Figure 6.6(a) shows the measured integrated spontaneous 
emission and corresponding facet emission as a function of current at 40 K. For each 
temperature (over the range of 40 — 165 K with 10-20 K  temperature steps) the relative 
amount of spontaneous emission was recorded at the threshold current (as shown in Figure 
6.6(a)) and normahzed to at 40 K to determine Here is determined by assuming that 
non-radiative recombination is neghgible at the lowest temperature. This assumption may not 
be vahd here. The superhnear behaviour of integrated spontaneous emission versus current 
curve at 40 K ((as shown in Figure 6.6(b))) in these Ga(NAsP)/(BGaP)/Si quantum weU 
lasers is a signature of defects [85]. A more detailed analysis of defects in these devices whl be 
shown later in this section. therefore provides a measure of the maximum radiative 
component of the threshold current density as a function of temperature. In contrast, the 
integrated spontaneous emission versus current curve in Ga(NAsP)/GaP quantum weh lasers 
does not show superhnear behaviour hke Ga(NAsP)/ (BGaP)/ Si quantum weh lasers, as 
shown in Figure 6.6(b). This suggests that the presence of defects degrades the performance 
of Ga(NAsP)/(BGaP)/Si quantum weh lasers compared to Ga(NAsP)/ GaP quantum weh 
lasers. Figure 6.7(a) shows the maximum radiative component as a function of temperature. It 
can be seen that the radiative component has a shghtly super-hnear temperature dependence
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Figure 6.6; (a) The measured integrated spontaneous emission and corresponding facet 
emission as a function of applied current at 40 K. The spontaneous emission does not pin at 
threshold in these devices, (b) A comparison of integrated spontaneous emission versus 
current curve between the Ga(NAsP)/(BGa)P/Si quantum well lasers and Ga(NAsP)/GaP 
quantum well lasers.
unlike an ideal quantum well laser [79]. This imphes that an optical or recombination loss 
process is present which increases with increasing temperature in these devices. Optical loss 
such as inter-band absorption may increase rapidly with increasing temperature (as described 
in Chapter 2 (Section 2.5)). It increases the threshold gain hence increases the radiative
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Figure 6.7; (a) The normalized (at 40 K) radiative component as a function of temperature 
shows a super-hnear behaviours unlike an ideal quantum weh laser, (b) The normahzed 
threshold current density and corresponding radiative component as a function of 
temperature shows the comparison of carrier recombination mechanisms between the 
Ga(NAsP)/(BGa)P/Si quantum weh lasers and Ga(NAsP)/ GaP quantum weh lasers.
current. A simhar effect is observed in the Ga(NAsP)/GaP quantum weh lasers as described 
in Subsection 4.3.2 of Chapter 4 (shown in Figure 4.9(a)). Figure 6.7(b) shows the normahzed 
threshold current density and corresponding radiative component as a function of
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temperature. T^ for the radiative component of the threshold current density remains high 
(=326 K at T = 100 K and =294 K at T = 165 K) over the entire temperature range whilst 
the Tg for the threshold current density drops rapidly (=196 K at T = 100 K and =73 K  at T 
= 165 K) with increasing temperature. This suggests that a non-radiative process gives rise to 
the stronger temperature dependence of threshold current density in these devices. From the 
measured threshold current density and corresponding radiative component, we estimate that 
the non-radiative contribution accounts for more than 56% of threshold current density at 
165 K. Thus, non-radiative processes dominate the threshold current density even at 165 K. 
This also suggests that the non-radiative process present in these devices is very temperature 
sensitive. This may also be an indication of carrier leakage as a likely recombination 
mechanism. Figure 6.7(b) also shows a comparison of carrier recombination mechanisms 
between the Ga(NAsP)/(BGa)P/Si quantum well lasers and the Ga(NAsP)/ GaP quantum 
well lasers. It can be seen that in addition to having a higher absolute threshold current 
density, Ga(NAsP)/(BGa)P/Si quantum well lasers have a higher Jnomad/Jth th^^i in 
Ga(NAsP)/GaP quantum weU lasers. This is consistent with the performance degradation in 
Ga(NAsP)/(BGa)P/Si quantum well lasers compared to Ga(NAsP)/GaP quantum well 
lasers. From Figure 6.6(a) it can also be seen that at higher currents the spontaneous emission 
curve also shows a sub-hnear behaviour even at this low temperature (at 40 K) which 
indicates a presence of a recombination mechanism with a stronger carrier density (n) 
dependence than the radiative current (which itself has an approximately oc n  ^dependence). 
Since carrier leakage has an approximately exponential dependence on n, this may suggest 
that carrier leakage plays an important role in these devices (as expected. Auger 
recombination is negligible in these short wavelength devices). The presence of carrier leakage 
in these devices will be discussed further in Subsection 6.3.2.
To gain further understanding of the recombination processes in the devices the 
spontaneous emission is analysed using the “Z”-analysis [86]. The detail about the “Z”-
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Figure 6.8; The measured value of Z at threshold (Z^J as a function of temperature shows the 
comparison of relative importance of different carrier recombination mechanisms (defect, 
radiative and Auger) between the Ga(NAsP)/(BGa)P/Si quantum well lasers and 
Ga(NAsP)/GaP quantum well lasers.
analysis is described in Subsection 4.3.2 of Chapter 4 (Equation 4.1 and 4.2). The measured 
value of Z at threshold (Z^J as a function of temperature is displayed in Figure 6.8. Z^ 
increases from 1.7 at 40 K to 2.3 at 165 K. The value of Z^ < 2 at low temperatures signifies 
that the monomolecular current contribution at threshold in these Ga(NAsP)/(BGa)P/Si 
quntum well lasers is significant as observed in other dilute nitride lasers [133]. Figure 6.8 also 
shows that monomolecular current contribution at threshold in these devices is more 
significant compared to the devices grown on a GaP substrate. This suggests that the increase 
in defect related recombination in these devices contributes to the performance degradation 
compared with the devices grown on a GaP substrate. In order to quantify the defect related 
recombination in Ga(NAsP)/(BGa)P/Si quantum well lasers, ln(l) is plotted as a function of 
ln(L^ ^^ ) in Figure 6.9(a) at 40 K. It can be seen that at low current (for injection
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Figure 6.9: (a) A linear plot of In (I) versus ln(L^ '^ )^ at 40 K. At low current Z = 1 suggests the 
presence of defect related recombination. The contribution of defect current at lasers 
threshold is determined by extrapolating Z=1 Hne up to lasers threshold, (b) Total threshold 
current density and defect related current density as a function of temperature for a 
Ga(NAsP)/(BGa)P/Si single quantum well lasers.
currents that are smaller than ~Ijj^/7), the value of Z = l, suggesting that the device is almost 
entirely dominated by monomolecular recombination through defects at low current. A linear 
function with the slope Z = 1 is fitted onto the In (I) versus curve at low current
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region [85]. Extrapolation of this linear function up to laser threshold allows one to quantify 
the monomolecular current contribution through defects (Idefect) laser threshold. Figure 
6.9(a) shows that at 40 K the monomolecular current contributes to 61% of the total 
threshold current. This is consistent with the low Z value (Z = 1.7) at 40 K. Such analysis is 
performed over the range of 40 — 165 K (with 10-20 K temperature steps) and the deduced 
values of Idefect are plotted as a function of temperature in Figure 6.9(b). The results in Figure 
6.9(b) allow the monomolecular current contribution to be removed ftom the laser threshold 
current. Equation 4.1 of Chapter 4 can be written as,
^rad+leak ^  ^ def  (6 .1 )
Here, ^rad+leak is obtained by subtracting the monomolecular current contribution from the 
laser threshold current and assumed to consist of radiative and leakage current. *^rad+leak is 
plotted as a function of temperature in Figure 6.10. Assuming that the carrier leakage process 
is negligible at low temperature (T < 80 K, as shown in Figure 6.7(b)), rad+leak is expected 
to be entirely radiative in the low temperature range. The radiative component at threshold 
current has been determined before from the direct measurement of spontaneous emission 
and plotted as a function of temperature in Figure 6.7(a). The radiative component (J^ d^) 
Figure 6.7(a) is now plotted in Figure 6.10 and normalized to '^rad+leak 40 K. From Figure 
6.10, it can be seen that for temperature T < 80 K, radiative component has the same 
temperature dependence as J rad+leak • This is consistent with our previous prediction that 
'^rad+leak is entirely radiatively dominated for temperature T < 80 K. Figure 6.10 also shows 
that for T > 80 K, J rad+leak increases rapidly compared to suggesting the presence of an 
additional temperature sensitive non-radiative current contribution at laser threshold. A 
strong increase in the Z value with increasing temperature (Z = 2.3 at 165 K) is also observed 
for temperature T > 80 K as shown in Figure 6.8. This indicates the presence of a loss 
mechanism with a stronger carrier density (n) dependence than the radiative current.
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Figure 6.10: The sum of total radiative and leakage current density, Jj^ d+ieak
( '^ rad+leak ^  th ~ def ) ^^d radiative current density, as a function of temperature. The
radiative current density is calculated by normalizing the integrated spontaneous emission at 
threshold to j^ + i^  at 40 K.
Since carrier leakage has an exponential carrier density dependence, the rapid increase in Z 
value is also evidence of the presence of leakage path in these Ga(NAsP)/(BGa)P/Si 
quantum well lasers. The leakage current can be determined by subtracting the radiative 
component from rad+leak ■ The current density of monomolecular, radiative and leakage 
current contribution at laser threshold are plotted as a function of temperature in Figure 
6.11(a). It can be seen that at 165 K about 40% of the total threshold current is due to the 
monomolecular current contribution originating from the defects. This implies that removing 
the monomolecular current contribution wiH significandy improve the device performance. 
However, to fuUy optimize the device performance the carrier leakage process also need to be 
eliminated. The Ga(NAsP) quantum well on GaP and silicon substrates are grown under 
similar growth conditions. However, the monomolecular current contribution due to defects 
is less significant in Ga(NAsP)/GaP quantum well lasers as described in Figure 4.11 of
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Figure 6.11: (a) The contribution of defect, radiative and leakage current density at lasers 
threshold as a function of temperature for a Ga(NAsP)/(BGa)P/Si single quantum weU
lasers. is determined from l^eak ~ t h  ~ d e f  ~ r a d   ^ as determined previously, (b)
Comparison of theoretically calculated and experimentally measured value as a function of 
temperature.
Chapter 4. Hence, we argue that the defects in Ga(NAsP)/(BGa)P/Si quantum well lasers 
may be originating during the integration of Ga(NAsP)-based active material on the silicon 
substrate. Such defects include dislocations, stacking faults, twins and/or antiphase disorder.
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Hence, a further improvement in the monolithic integration steps of Ga(NAsP) quantum well 
on silicon substrate is required to optimize the device performance. Figure 6.11(a) also shows 
that the radiative and leakage current contribution at laser threshold are ~17% and ~43% 
respectively at 165 K. Hence, total non-radiative component at laser threshold is ~83% even 
at this low temperature of 165 K. We note that the total non-radiative component calculated 
here is significantly higher compared to the calculated values in Figure 6.7(b). This is because 
in Figure 6.7(b) the radiative component is normalized to lasers threshold current density at 
40 K by assuming that non-radiative recombination is negligible at the lowest temperature (40 
K). The “Z” analysis shows that a ~40% non-radiative component (defect-related 
recombination) at 40 K. For this reason the radiative component is over-estimated in Figure 
6.7(b). However, it does not invalidate the results described in Figure 6.7(b), because the 
figure describes the rninimum non-radiative component at laser threshold. Moreover, the 
defect-related recombination in Ga(NAsP)/GaP quantum well lasers is less significant 
compared to Ga(NAsP)/(BGa)P/Si single quantum well lasers as described in Figure 6.8. As 
a result the calculation for Ga(NAsP)/GaP quantum well lasers in Figure 6.7(b) is more 
accurate than that of Ga(NAsP)/(BGa)P/Si single quantum well lasers. Hence, the 
comparison of recombination mechanism between the Ga(NAsP)/(BGa)P/Si single quantum 
well lasers and Ga(NAsP)/ GaP single quantum well lasers (as shown in Figure 6.7(b)) is valid 
for the minimum non-radiative component at laser threshold. Figure 6.11(b) shows the 
comparsion between the temperature dependence of theoretically calculated Z^ values and 
measured Z values in Ga(NAsP)/(BGa)P/Si single quantum well lasers. Theoretically Z^ 
value is calculated by assuming that the devices are dominated by a carrier leakage mechanism 
and Z = 2 + Jkak/Jth [i95]. At low temperature (T<=100K) measured Z^ value is much lower 
than the theoretically calculated Z^ due to the presence of defects. However, also at high 
temperature the measured Z^ value is lower than the theoretically calculated Z^ value, which 
is consistent with the dominant defect related recombination in these devices as can be seen 
in Figure 6.11(a). The fact that defects gives a Z value of 1 and leakage gives a Z value of 3
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(or higher) and we are measuring a Z value due to the combined effect of defects and leakage. 
The origin of non-radiative recombination process in the current devices will be discussed 
more in Subsection 6.3.2.
Electrical injection lasing is demonstrated for the first time in monohthicaUy integrated 
Ga(NAsP) quantum weU lasers on an exact (001) sihcon substrate but significant 
improvement in the monohthic integration steps are required to reduce the defects in these 
devices. Moreover the origin of the non-radiative recombination processes (as described in 
this subsection) need to be better understood to achieve room temperature lasing in these 
novel devices. The next subsection investigates the dominant non-radiative recombination 
mechanisms in Ga(NAsP)/(BGa)P/Si quantum weh lasers.
6.3.2 Identification o f non-radiative processes in G a(N A sP )/(B G a)P /S i QW  
lasers
In Subsection 6.3.1, it is found that non-radiative contribution accounts for ~83% of 
threshold current density at 165 K  in the currently measured Ga(NAsP)/(BGa)P/Si quantum 
weh lasers. Moreover, the sub-linear behaviour of the hght-current curve even at low 
temperature (at 40 K, as shown in Figure 6.6(a)) and rapid increase of Z value with increasing 
temperature provides a tentative indication of carrier leakage path in these devices. Hence, the 
apphcation of hydrostatic pressure is an ideal method to further investigate the carrier leakage 
mechanism in Ga(NAsP)/ (BGa)P/Si quantum well lasers. The change in band offset due to 
hydrostatic pressure (as described in Section 2.6 of Chapter 2) wiU change the rate of carrier 
leakage, which allows confirrning the presence of carrier leakage in these devices. Pressure 
dependent measurements over the range of 0—7 kbar (with ~0.5 kbar steps) were performed 
at 80 K, 120 K and 165 K by using a gas pressure set-up (as described in Subsection 3.2.4 of 
Chapter 3). At each pressure, facet emission of the laser devices as a function of applied
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current were measured to quantify the threshold current and differential quantum efficiency. 
For these pressure measurements the collection of the facet emission is fibre coupled and the 
detector consists of a Peltier-cooled ANDO AQ2140 InGaAs optical power meter. The facet 
emission at LIJ^ was also collected via an optical fibre and was analysed with an ANDO 
AQ6315A optical spectrum analyser to investigate the emission spectrum.
For an ideal quantum well lasers which is dominated by radiative recombination, threshold 
current density, oc (as described in Section 2.6 of Chapter 2). Here Eg is the band
gap (calculated from Eg = hc/1, where X is the measured lasing wavelength). Hence, the 
radiatively dominated change in threshold current density can be estimated from the pressure 
dependence of the lasing wavelength. Figure 6.12(a) shows the calculated pressure coefficient 
for band gap at 80 K, 120 K and 165 K. The pressure coefficient for the band gap of the 
devices is measured to be 6.2+0.2 meV/kbar at 80 K, 120 K  and 165 K. Figure 6.12(b) shows 
the measured pressure dependence of threshold current density at 80 K, 120 K and 165 K. 
Also shown is the ideal expected variation of oc Eg^ . It can be clearly seen that the 
threshold current increases with pressure much faster than which suggests that the lasers 
are not operating in a radiatively dominated regime. The threshold current of the device 
increased by ~14%, ~29% and ~48% up to 7 kbar at 80 K, 120 K and 165 K, respectively. 
The rapid increase in threshold current with pressure indicates the presence of carrier leakage 
in these devices, where the leakage activation energy (the required energy for the carriers to 
escape from the quantum weU to the barrier at particular temperature) reduces with increasing 
pressure. However, the threshold current in these devices is dominated by defect-related 
monomolecular recombination as shown in Figure 6.11(a). The defect-related monomolecular 
recombination in these Ga(NAsP)/(BGa)P/Si quantum weU lasers can be in the quantum 
well (which is pressure insensitive and gives a Z value of 1) and/or in the barrier (which is 
pressure sensitive and gives a Z>3 for carrier leakage via defect) as shown in Figure 6.13. If 
we assume that aU the defects are in the active region (hence pressure insensitive)
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Figure 6.12: (a) The pressure coefficient of band gap (EJ is found to be 6.2±0.2 meV/kbar at 
80 K, 120 K and 165 K. (b) Normalized threshold current as a function of pressure at 80 K, 
120 K and 165 K. The radiative current is calculated from the relation oc E^ .^ The rapid 
increase in threshold current with pressure indicates the presence of carrier leakage.
then the measured threshold current wiU be less pressure sensitive. The fact that defect- 
related monomolecular recombination is pressure insensitive and carrier leakage via barrier is 
pressure sensitive. Hence a combined effect of defect and leakage is less pressure sensitive 
compared to the pressue sensitivity of the leakage current which is described in
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Figure 6.13: The value of Z depending on the position of defects in the devices.
Figure 4.27 of Chapter 4. To observe the pressure dependence of actual leakage current (via 
leakage paths in the barrier) in these devices we need to subtract the defect current (via active 
region) from the threshold current. Figure 6.12(b) shows the pressure dependence of 
threshold current after subtracting the defect current. The defect subtraction technique is 
described in Figure 6.10. It can be clearly seen that the threshold current has a much higher 
pressure dependence after subtracting the defect current. A possible carrier leakage path in 
these Ga(NAsP)/(BGa)P/Si quantum well lasers is X rnrnima of (BGa)P strain compensating 
layer and X rnrnima of (BGa)(AsP) barrier layer due to their relatively large density of states. 
The band ahgnment of Ga(NAsP)/(BGa)(AsP)/(BGa)P/Si heterostructure is shown in 
Figure 6.14. The direct and indirect band gap of the (By/__Ga)P material is determined 
experimentally as described in Figure 5.6 of Chapter 5. On the other hand, the direct and 
indirect band gap of the (B^ o/_^ Ga)(As^ o^/,P) material are calculated to be 2.8 eV and 2.3 eV, 
respectively using Vegards law. The pressure co-efficient of the (By/^Ga)P X rninima and the 
(By/,Ga) (As^ ^%P) X minima are calculated to be -1.47 meV/kbar and -1.48 meV/kbar, 
respectively using Vegards law. The band gap and pressure co-efficient of GaAs, GaP and BP 
used for this calculation are shown in Appendix B. Since the X rninima of both (By/,Ga)P 
and (B3o/„Ga)(As^ io/„P) have similar pressure co-efficients, hence for the simplicity of the 
calculation we have assumed that pressure co-efficient for both X minima is -1.48 meV/kbar. 
This gives a leakage activation energy of -7.7±0.2 meV/kbar (since the pressure coefficient
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Figure 6.14: Band alignment at Ga(NAsP)/GaP heterostructure.
for the band gap of the devices is measured to be 6.2±0.2 meV/kbar). The pressure 
dependence of leakage current can be described by Equation 4.3 in Subsection 4.3.3 of 
Chapter 4. Inserting the value of leakage activation energy in Equation 4.3, leakage current in 
the X-rninima of the (BGa)P layer and (BGa)(AsP) layer is calculated as shown in Figure 6.15. 
The figure shows the change in threshold current for 100% carrier leakage into the (BGa)P 
layer and (BGa)(AsP) layer at 80 K, 120 K and 165 K. It is found that the theoretically 
calculated leakage current (into X-rnirdma of (BGa)P layer and (BGa)(AsP) layer) shows a fit 
to the measured leakage current for —3%, ~8% and ~13% leakage at 80 K, 120 K and 165 K, 
respectively. Hence, despite there are strong increase in threshold current with pressure but 
carrier leakage into the X-ntinima of the (BGa)P layer and (BGa)(AsP) layer is not significant 
(less than 15% at every measured temperature).
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Figure 6.15: Normalized threshold current as a function of pressure at 80 K, 120 K and 165 
K. The radiative current is calculated from the relation oc E^ .^ The theoretically calculated 
leakage current (into X-rninima of (BGa)P layer and (BGa)(AsP) layer) shows a fit to the 
measured leakage current for —3%, ~8% and ~13% leakage at 80 K, 120 K and 165 K, 
respectively.
The radiative current proportion of the threshold current density at ambient pressure in 
these devices at 80 K, 120 K and 165 K is ~38%, —30% and —17%, respectively, as shown in 
Figure 6.11(a). From the fit to the pressure data (after the subtraction of defect current) by 
using Equation 4.4 in Subsection 4.3.3 of Chapter 4, we can determine the activation energy 
of the leakage current (dAE/dP), which is — -0.8, — -1.0 and — -1.2 meV/kbar at 80 K, 120 K 
and 165 K, respectively. On the other hand, the increase of the band gap with pressure is 
measured to be +6.2 meV/kbar. Assuming that the conduction band quasi-Fermi level has 
nearly a similar pressure dependence as the band gap, this results in a pressure coefficient for 
the leakage levels (dE, .^ ,^./dP) of +5.4±3, +5.2±3 and +5.0±3 meV/kbar at 80 K, 120 K and 
165 K temperature, respectively. Hence, dE,^^]./dP has a smaller pressure dependence than the 
X-rninima of the (BGa)P layer and (BGa)(AsP) layer (-1.48 meV/kbar). This is also consistent 
with our previous findings and implies that leakage into the X rninima of the indirect (BGa)P
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layer and (BGa)(AsP) layer is not significant at these temperatures. Despite the fact that a 
strong increase in threshold current with pressure is observed this may indicate that the 
leakage path involves states with a weaker pressure dependence, such as localized defect 
states in these devices. If nitrogen has diffused from the active region into the GaP spacer, or 
there is unwanted nitrogen incorporation into the GaP spacer during growth then defects 
levels between the Ga(NAsP) active region and GaP spacer region are introduced, which may 
form a thermally activated loss as more energetic carriers increasingly recombine via the 
defect states. Similar effects are also observed in Ga(NAsP) quantum well lasers grown on a 
GaP substrate. The nitrogen induced E_ subband (as described in Subsection 4.4.3 of 
Chapter 4) may also be a possible carrier leakage path and may have a pressure coefficient of 
dP ~ +5.2 meV/kbar. Using the pressure coefficient of the leakage level, from 
Figure 4.21 of Chapter 4 we find that there may be as much as 3.8+0.2% of nitrogen 
incorporated in the GaP spacer in the Ga(NAsP)/(BGa)P/Si quantum well lasers. Moreover, 
nitrogen may also diffuse from the GaP spacer region to the (BGa)(AsP) barrier region of the 
Ga(NAsP)/(BGa)P/Si quantum well lasers structure. It creates a nitrogen-boron bond [151, 
168], which may act as strong non-radiative recombination center and degrade the device 
performance significantly.
The band anticrossing model can be used to determine the incorporation of nitrogen in 
the Ga(NAsP) active region, and hence, to determine the incorporated nitrogen in the GaP 
spacer. The band anticrossing model is described in Equation 4.5 in Subsection 4.4.3 of 
Chapter 4. Shown in Figure 6.16 is the measured pressure dependence of Eg and pressure 
dependence of the F tninimum of the host material GaAso 93P0.07 (calculated theoretically using 
Vegards law [142]) at 80 K, 120 K and 165 K. is calculated (using Vagards law) from the 
isolated nitrogen level in GaAs and GaP and has been assumed to have negligible pressure 
dependence [143]. The parameter values used for theoretical calculation are taken from the 
literature [137, 143]. Figure 6.16 shows that the BAC model gives good agreement with the
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Figure 6.16; Measured pressure dependence of the lasing energy at various temperatures for 
Ga(NAsP)/(BGa)P/Si single quantum well lasers. Also shown is the pressure dependence of 
E(GaAsP). The nitrogen level position was determined by interpolation of isolated N level in 
GaAs and GaP and assumed to have negligible pressure dependence. The change in lasing 
energy with pressure can be fit with band anti-crossing model to predict the amount of N in 
the quantum well.
experimental data for which C^,^  = 1.75+0.1 eV and x= —2.1%, C^  ^= 1.77+0.1 eV and x= 
—2.0% as weU as C ^  = 1.78±0.1 eV and x= —2.0% at 80 K, 120 K and 165 K, respectively. 
We note that the values of C ^  are similar to previous reported values for the 
GalnNAs/GaAs material system for which C  ^has been reported to range between 1.26 eV 
[110] and 2.7 eV [144] depending on the composition of the host ahoy. Similar values for C  ^
(Cmn ~ 1.87±0.02 eV and 1.92+0.2 eV at 80 K and 220 K, respectively) are also observed in 
Ga(NAsP) quantum weU lasers grown on a GaP substrate. From Figure 6.16 the band 
anticrossing model also predicts a nitrogen concentration of —2% in the active region of 
Ga(NAsP)/(BGa)P/Si quantum weh lasers, suggesting a nitrogen incorporation of around 
—5% in the GaP spacer, which is not consistent with our previous measurements (3.8+0.2%). 
During the growth of Ga(NAsP)/(BGa)P/Si quantum weh lasers, —7% nitrogen was 
intended to incorporate in the active region. However, the analysis shows an amount of —2%
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and —3.8% nitrogen in the active region (from BAC model analysis) and GaP spacer region 
(from the leakage current activation energy analysis), respectively. This suggests that 
remaining 1.2% ( (7%-(2%+3.8%)) ) nitrogen may be diffused from the GaP spacer region to 
the (BGa)(AsP) barrier region and created nitrogen-boron non-radiative recombination 
centers. This is also consistent with the presence of dominant non-radiative recombination 
mechanisms in these devices (non-radiative recombination —83% even only at 165 K). The 
evidence of nitrogen diffusion into the GaP spacer region and (BGa)(AsP) barrier region 
agrees well with the previously published experimental results on the same material system by 
Kunert et al. in [168].
Let us assume that the defects are in the barrier and hence pressure sensitive. In this case 
the theoretically calculated change in threshold current for 100% carrier leakage (as shown in 
Figure 6.15) into (BGa)P layer and (BGa)(AsP) layer at 80 K, 120 K and 165 K  shows a fit to 
the measured leakage current for —1%, —5% and —9% leakage, respectively. This suggests 
that carrier leakage into X-rninima of (BGa)P layer and (BGa)(AsP) layer not significant (less 
than 10% at every measured temperature). From the fit to the pressure data (without the 
subtraction of the defect current) by using Equation 4.4 in Subsection 4.3.3 of Chapter 4, we 
can determine the activation energy of the leakage current (dAE/dP), which is — -0.4, — -0.6 
and — -0.8 meV/kbar at 80 K, 120 K and 165 K, respectively. These results in a pressure 
coefficient for the leakage levels (dEj^^/dP) of +5.8±3, +5.6±3 and +5.4±3 meV/kbar at 80 
K, 120 K and 165 K, respectively, which are much smaller than the pressure dependence of 
X-nainima of the (BGa)P layer and (BGa)(AsP) layer (-1.48 meV/kbar). This is also consistent 
with our previous findings and implies that leakage into the X rninima of the indirect (BGa)P 
layer and (BGa)(AsP) layer is not significant at these temperatures. If we assume that the 
nitrogen induced E_ subband (as described in Subsection 4.4.3 of Chapter 4) is a possible 
carrier leakage path and has a pressure coefficient of / dP ~ +5.6 meV/kbar then it
suggests that there may be as much as 4.0+0.2% of nitrogen incorporated in the GaP spacer
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in the Ga(NAsP)/(BGa)P/Si quantum well lasers. Hence, the analysis shows an amount of 
—2% (from BAC model analysis) and —4.1% nitrogen in the active region and GaP spacer 
region (from the leakage current activation energy analysis). This suggests that remaining 
0.9% ( (7%-(2%+4.1%)) ) nitrogen may be diffused from the GaP spacer region to the 
(BGa)(AsP) barrier region and created nitrogen-boron non-radiative recombination center.
Both approaches of pressure dependent data analysis (firstly considering all defect in the 
quantum well and secondly considering all defect in the barrier) suggest that, the nitrogen 
induced localized defect states and/or nitrogen induced E_ level in the GaP spacer and/or 
nitrogen-boron bonds in the (BGa)(AsP) barrier region are the origin of loss mechanisms in 
these devices. Figure 6.17 shows a comparison of pressure dependence of threshold current 
at 80 K between the Ga(NAsP)/(BGa)P/Si quantum well lasers and Ga(NAsP)/ GaP 
quantum well lasers. The fastest relative increase in threshold current density with increasing 
pressure in the Ga(NAsP)/GaP quantum well lasers compared to Ga(NAsP)/(BGa)P/Si 
quantum well lasers may be due to the reduced amount of nitrogen in the GaP barrier of the 
Ga(NAsP)/ GaP quantum well lasers causing a smaller pressure coefficient of the leakage 
level. With an increased amount of nitrogen in the Ga(NAsP)/(BGa)P/Si quantum well 
reduces the band gap further. This wiU reduce the potential barrier and increase leakage 
current. This phenomenon is described in Figure 4.23 in Chapter 4. The fastest relative 
increase in threshold current density with increasing pressure in the Ga(NAsP) / GaP quantum 
well lasers compared to Ga(NAsP)/(BGa)P/Si quantum well lasers may also be explained in 
terms of a combined effect of defects and carrier leakage as shown in Figure 4.27 in Chapter 
4. The fact that, the higher amount of nitrogen diffusion into the GaP spacer region in the 
Ga(NAsP)/(BGa)P/Si quantum well lasers compared to Ga(NAsP)/GaP quantum well lasers 
has introduced more defect levels between the GaNAsP active region and GaP spacer region. 
For this reason, Ga(NAsP)/(BGa)P/Si quantum well lasers have higher thermally activated 
carrier leakage compared to Ga(NAsP) /  GaP quantum well lasers
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Figure 6.17; The comparison of pressure dependence of threshold current density at 80 K 
between the Ga(NAsP)/(BGa)P/Si quantum weU lasers and Ga(NAsP)/GaP quantum well 
lasers (a) absolute scale and (b) normalized at atmospheric pressure. The Ga(NAsP)/GaP 
quantum well lasers show a fastest relative increase in threshold current density compared to 
Ga(NAsP)/(BGa)P/Si quantum well lasers.
as more energetic carriers increasingly recombine via the defect states. This is also consistent 
with the significant degradation of device performance in the Ga(NAsP)/ (BGa)P/Si quantum
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well lasers compared to the Ga(NAsP)/GaP quantum well lasers. The carrier leakage via the 
defect states is pressure insensitive and hence, the total non-radiative current (a combination 
of leakage and defect current) in Ga(NAsP)/ (BGa)P/Si quantum well lasers is less pressure 
sensitive than that of Ga(NAsP)/GaP quantum well lasers. We note that, thermally activated 
carrier leakage via the defect states is also observed in Ga(NAsP)/ GaP quantum well lasers as 
described in Subsection 4.4.3 of Chapter 4. However, the monomolecular recombination due 
to defects is more significant in Ga(NAsP)/(BGa)P/Si quantum weU lasers compared to 
Ga(NAsP)/ GaP quantum weU lasers as described in Subsection 6.3.1 of this chapter. These 
suggests that the pressure dependence of the threshold current in Ga(NAsP)/(BGa)P/Si 
quantum weU lasers is less pressure sensitive than that of Ga(NAsP)/ GaP quantum weU lasers 
due to the defect states.
Although carrier leakage is found to be one of the non-radiative recombination 
mechanisms in Ga(NAsP)/(BGa)P/Si quantum weU lasers, the pressure dependence of the 
threshold current shows that the X rninima of the (BGa)P layer and (BGa)(AsP) layer are not 
the main carrier leakage path in these devices. This suggests that the leakage path may involve 
states with a weaker pressure dependence, such as localized defect states. However, the 
devices presented in this section are single quantum weU lasers. A multi-quantum well laser 
may improve the device performance by reducing the non-radiative recombination due to the 
improvement of theit optical confinement factor. The performance of Ga(NAsP)/(BGa)P/Si 
single and multi-quantum well lasers are compared in the next section.
6.4 Influence of device structure on the Ga(NAsP)/(BGa)P/Si QW 
laser performance
Section 6.3 shows that the non-radiative current contribution (sum of monomolecular 
recombination and carrier leakage) at threshold in Ga(NAsP)/(BGa)P/Si single quantum well
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lasers is —60% of total threshold current at 40 K, increasing to —83% of the total threshold 
current at 165 K, This suggests that the dominant loss mechanisms in these devices have a 
stronger carrier density (n) dependence. A multi-quantum well laser structure improves the 
optical confinement factor and reduces the threshold carrier density. Hence, it is useful to 
compare the device performance and recombination mechanisms of Ga(NAsP)/(BGa)P/Si 
single and multi-quantum well lasers. In this section, Ga(NAsP)/(BGa)P/Si single (#16052) 
and multi-quantum well (#16053) structures are investigated, which are grown under the 
same growth conditions. The active region of devices #16052 and #16053 consist of a 
GaNAsP quantum well (three for device #16053) within (B_s%Ga)(As_^^%P)/GaP/- 
Ga(N—y%As_gQ%P)/GaP/(B_5%Ga)(As_ii%P) (20nm/3nm/5nm/-3nm/20nm) layers sandwich­
ed between 50nm (B_g%Ga) (As_i^%P) and lOOnm (BGa)(AsP) graded layers. The detailed 
structure of device #16052 and #16053 is described in Appendix C. For a fait comparison, 
device #16052 and #16053 were measured in the same experimental setup and under the 
similar measurement conditions (substrate temperature, pulse width and frequency). On these 
devices, the lowest and highest temperature that a threshold current could be measured was 
40 K and 120 K, respectively. The devices were measured as-cleaved under pulsed operation 
with 500 ns pulses at a duty cycle of 10 kHz in order to reduce current heating effects.
The threshold current density of device #16052 (device #16053) is measured to be —1.9 
kAcm'^/QW (—1.5 kAcm'^/QW) with a lasing wavelength of —822 nm (—841 nm) at 120K. 
The lower threshold current density and longer emission wavelength in device #16053 
compared to device #16052 may be due to the multi-quantum well devices (#16053) 
providing a lower threshold carrier density («^ and reduced quasi-Fermi level splitting 
compared to the single quantum well devices (#16052). We note that the performance of the 
Ga(NAsP)/(BGa)P/Si single quantum well device #16195 (investigated in Section 6.3) is 
significantly improved compared to the devices #16052 and #16053 (devices #16195 show a
CHAPTER 6: RECOMBINATION AND LOSS MECHANISMS IN NOVEL
Ga(NAsP)/(BGa)P QUANTUM WELL LASERS ON SILICON SUBSTRATE
164
7.6-
7.2-
o
6 .8 -
6.4-
T.=8TK° - , A
•  -
( • T„^47K -
T^=62K ^  ... w •  PT = 5 2 K
o Device #16052 SOW ^ O'.■
□ Device #16053 MQW o ■-.P•  Device #16052 SOW
■ Device #16053 MQW _
'  Q
T ^ -2 2 K -
. .A
T = 1 1 8 K # '■'O
T :# 1 7 K
_ *  I  =135K 1 \0 G
40 60 80 100 120
4.50
3.75
3 . 0 0 " ^
c
2.25” *
1.50 
0.75
Temperature (K)
Figure 6.18: The natural logarithm of measured threshold current density per quantum well 
and external quantum efficiency as a function of temperature for both device #16052 and 
#16053 suggests that performance these devices may be limited by the similar optical or 
recombination loss process.
threshold current density of —0.86 kAcm"^/QW with an emission wavelength of —851 nm at 
120K). Device #16195 has a similar structure to device #16052 (except device #16052 and 
#16053 have an additional (BGa)(AsP) layer with compositional grading) and were grown 
under the similar growth conditions to devices #16052 and #16053. The reasons for 
performance improvement in device #16195 compared to devices #16052 and #16053 will 
be investigated later in this section. The natural logarithm of measured threshold current 
density and external quanmm efficiency as a function of temperature for both device #16052 
and #16053 are shown in Figure 6.18. It can be seen that Tq on device #16052 (#16053) to 
be —118 K (—135 K) at 80 K, which drops to ~ 47 K (—52 K) at 120 K. Figure 6.18 also 
shows that T^  on device #16052 (#16053) to be —62 K (—81 K) at 80 K, which drops to 
— 17 K (—22 K) at 120 K. These results suggest that the performance of device #16052 and
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#16053 may be limited by the similar optical or recombination loss process. The unusually 
large Tq value at low temperature (80 K) is an indication of material inhomogeneities within 
the active region [85], which is also observed in device #16195. The slightly improved Tq and 
Tj at 120 K in device #16053 compared to device #16052 is consistent with the improved 
threshold current density in device #16053.
To gain understanding of the recombination processes in devices #16052 and #16053 the 
spontaneous emission is analysed using the “Z”-analysis [86]. The detail about the “Z”- 
analysis are described in Subsection 4.3.2 of Chapter 4 (Equation 4.1 and 4.2). The measured 
value of Z at threshold (Z ^  as a function of temperature is displayed in Figure 6.19. Z^ of 
device #16052 (device #16053) increases from —1.53 (—1.54) at 40K, which indicates the 
monomolecular recombination dominated threshold current density, to —2.2 (—2.0) at 165 K, 
where non-radiative process may play a key role, as observed in other Ga(NAsP)/(BGa)P/Si 
single quantum well lasers (device #16195 as investigated in Section 6.3). This may also 
indicate that the dominant recombination mechanism is similar for both devices #16052 and 
#16053. From Figure 6.19 it can be seen that the Z^ value increases at a higher rate with 
increasing temperature in device #16052 compared to device #16053 implying that the multi­
quantum well structure (#16053) may reduce the influence of the non-radiative process (such 
as carrier leakage), hence a lower rate of increase of Z^ with increasing temperature. The 
reduction of carrier leakage in multi-quantum weh structures wiU be discussed later in this 
section. Figure 6.19 also shows that the Z^ value in devices #16052 and #16053 is 
significantly lower than that of device #16195 suggesting that the monomolecular 
recombination is more important in devices #16052 and #16053 compared to device 
#16195. Moreover, the higher rate of increase in Z^ value in devices #16052 and #16053 
compared to device #16195 may suggest higher carrier leakage in devices #16052 and 
#16053 than that of device #16195. These results are consistent with the significant 
improvement in threshold current density in device #16195.
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#16053 and #16195.
The defect-related recombination in devices #16052 and #16053 is quantified using the 
same method as described in Figure 6.9(a). The sum of radiative and leakage current (Ijad+ieak) 
can be determined using Equation 6.1. The radiative component at laser threshold (I^J in 
these devices is determined from the direct measurement of spontaneous emission and
normalised to Irad+leak at 40 K. Since I^ ad+ieak is obtained after the subtraction of defect related
recombination (as shown in Equation 6.1) and carrier leakage is expected to be negligible at 
this low temperamre (40 K), so 1^^^ is expected to provide a good measure of the radiative 
component of the threshold current density (after the normalization to I^ ad+ieak)- Figme 6.20 
shows the normalized (at 40 K) current density of I,ad+icak Irad a function of temperamre 
for devices #16052 and #16053. It can be seen that for temperamre T < 60 K, the radiative 
component has the same temperamre dependence as rad+leak ■ This is consistent with our
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previous prediction that carrier leakage is negligible at low temperature. Figure 6.20 also 
shows that for temperature, T > 60 K, '^rad+leak increases rapidly compared to J ^ , 
suggesting the presence of an additional temperature sensitive non-radiative current 
contribution at laser threshold. A strong increase in the Z value with increasing temperature 
(Z = —2.2 (—2.0) at 120 K for device #16052 (device #16053)) is observed for temperature T 
+ 60 K as shown in Figure 6.19. Similar behaviour is also observed in other 
Ga(NAsP)/(BGa)P/Si single quantum well lasers (device #16195 as investigated in Section 
6.3) and concluded to be the effect of carrier leakage, which will be discussed more later in 
this section.
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Figure 6.21: The comparison of contribution of defect, radiative and leakage current density 
at lasers threshold as a function of temperature for devices #16052, #16053 and #16195.
is determined from the relation J ~  '^th~ def ~ rad
The leakage current at laser threshold is determined by subtracting the radiative 
component from ^ rad+leak ■ The current density of monomolecular, radiative and leakage 
current contribution at laser threshold are plotted as a function of temperature in Figure 6.21. 
It can be seen that at 120 K about —57% (—56%) of the total threshold current in device 
#16052 (device #16053) is due to the monomolecular current contribution originating from 
defects. This implies that removing the monomolecular current contribution wih significantly 
improve the device performance. An increase in defect current with increasing temperature 
suggests that defects are shallow. Figure 6.21 also shows that carrier leakage in device #16053 
(24% of threshold current) is lower compared to device #16052 (37% of threshold current).
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Figure 6.22: The comparison of contribution of defect, radiative and leakage current density 
(in % of total threshold current density) at lasers threshold as a function of temperature for 
devices #16052, #16053 and #16195. The reduction in defect and carrier leakage in device 
#16195 significantly improved its threshold current dendity.
A single quantum weU laser (device #16052) has a lower optical confinement factor and lower 
differential gain at threshold (because the gain versus carrier density is a logarithmic function 
in a quantum well) compared to a multi-quanmm well device (device #16053). As a result, 
device #16053 is expected to have a reduced threshold carrier density (n^J. Since the non- 
radiative carrier leakage mechanism is strongly dependent on carrier density, carrier leakage in 
device #16052 is higher compared to device #16053. The reduction of threshold carrier 
density in the multi-quantum well device wiU also improve the characteristic temperature of 
the device through the reduction in threshold current (as observed in Figure 6.18). We note 
that both defect-related recombination and carrier leakage is significantly higher in devices 
#16052 and #16053 than that of device #16195. This is consistent with the findings in
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Figure 6.19 and may be the reasons of significantly higher threshold current density in devices 
#16052 and #16053 than that of #16195. The relative increase of defect and leakage current 
in device #16052, #16053 and #16195 are shown in Figure 6.22. It can be seen that the 
performance of all devices is limited by a similar non-radiative process. At low temperature 
the recombination mechanism is completely dominated by defects. Carrier leakage increases 
exponentially with increasing temperature and causes a rapid decrease in device performance. 
The higher rate of increase in carrier leakage with increasing temperature in device #16052 
compared to device #16053 is consistent with the increase in non-radiative recombination in 
single quantum well devices (device #16052) compared to multi-quantum well devices 
(#16053). It can be also seen that, both defect and carrier leakage are lower in device #16195 
compared to devices #16052 and #16053, confirrning that the performance in device #16195 
is improved due to the reduction in non-radiative recombination. The reason of improvement. 
in recombination mechanism in device #16195 wiU be discussed later in this section.
A hydrostatic pressure dependent measurement has undertaken to further investigate the 
carrier leakage mechanism in these devices. Figure 6.23(a) shows the calculated pressure 
coefficient for the band gap at 80 K  and 120 K. The pressure coefficient for the band gap of 
device #16052 (device #16053) is measured to be 5.8±0.2 meV/kbar (5.7±0.2 meV/kbar) at 
80 K and 120 K. Figure 6.23(b) shows the measured pressure dependence of the threshold 
current density at 80 K  and 120 K. Also shown is the ideal expected variation of E^ .^ It
can be clearly seen that the threshold current increases with pressure much faster than 
which suggests that the lasers are not operating in a radiatively dominated regime. The 
threshold current of device #16052 (device #16053) increased by —11% (—8%), and —25% 
(—17%) up to 7 kbar at 80 K and 120 K, respectively. To observe the pressure dependence of 
actual leakage current (via leakage paths in the barrier) in these devices the defect current (we 
assumed that all the defects are in the quantum well) is subtracted from the threshold current. 
Figure 6.23(b) shows the pressure dependence of threshold current after subtracting the
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Figure 6.23: (a) The pressure coefficient of band gap (EJ for device #16052 (device #16053) 
is found to be 5.8+0.2 (5.7+0.2) meV/kbar at 80 K and 120 K, respectively (b) Normalized 
threshold current as a function of pressure at 80 K and 120 K. The radiative current is 
calculated from the relation oc E^ .^ The lower rate of increase in threshold current with 
pressure in device #16053 compared to device #16052 indicates lower non-radiative 
recombination in multi-quanmm weU strucmre.
defect current. It can be clearly seen that threshold current has a much higher pressure 
dependence after subtracting the defect current. The rapid increase in threshold current with
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Figure 6.24: Normalized threshold current as a function of pressure at 80 K, 120 K and 165 
K. The radiative current is calculated from the relation cc E^. It can be seen that for 
device #16052 (device #16053) theoretically calculated leakage current (into X-nainima of 
(BGa)P layer and (BGa)(AsP) layer) shows a fit to the measured leakage current for ~3% 
(~2.5%) and ~9% (~7.5%) leakage at 80 K and 120 K, respectively.
increasing pressure indicates the presence of carrier leakage in these devices, where the 
leakage activation energy (the required energy for the carriers to escape from the quantum 
well to the barrier at a particular temperature) reduces with increasing pressure. The lower 
rate of increase in threshold current with increasing pressure in device #16053 compared to 
device #16052 is consistent with the reduced non-radiative recombination in the multi- 
quantum well device strucmre (device #16053). By considering the X rniriima of (BGa)P layer 
and (BGa)(AsP) layer as possible carrier leakage paths (as described in the Subsection 6.3.2) in 
these devices, the change in threshold current for 100% carrier leakage (into X rninima of 
(BGa)P layer and (BGa)(AsP) layer) at 80 K and 120 K is calculated (using the same method 
of Fig. 6.15) and shown in Figure 6.24. It is found that for device #16052 (device #16053) 
theoretically calculated leakage current (into X-rniriima of (BGa)P layer and (BGa)(AsP) layer) 
shows a fit to the measured leakage current for ~3% (~2.5%) and ~9% (—7.5%) leakage at 80
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K and 120 K, respectively. Hence, despite a strong increase in threshold current with 
pressure, carrier leakage into the X-minima of the (BGa)P layer and (BGa)(AsP) layer is not 
significant (less than 10% at every measured temperature) in both devices #16052 and 
#16053. This was also observed in device #16195 as discussed in Subsection 6.3.2.
The radiative current proportion of threshold current density of device #16052 (device 
#16053) at ambient pressure at 80 K and 120 K is —27% (—31%) and —14% (—19%) 
respectively, as shown in Figure 6.22. From the fit to the pressure data by using Equation 4.4 
in Subsection 4.3.3 of Chapter 4, we can determine the activation energy of the leakage 
current (dAE/dP) for device #16052 (device #16053), which are — -0.28 (— -0.43) and — - 
0.27 (— -0.39) meV/kbar at 80 K  and 120 K, respectively. On the other hand, the increase of 
the band gap with pressure for device #16052 (device #16053) is measured to be +5.8+0.2 
meV/kbar (+5.7±0.2 meV/kbar). Assuming that the conduction band quasi-Fermi level has 
nearly a similar pressure dependence to the band gap, this results in a pressure coefficient for 
the leakage levels (dEq^^/dP) for device #16052 (device #16053) of — +5.5 (— f-5.3) and — 
+5.5 (— +5.4) meV/kbar at 80 K and 120 K, respectively. Hence, dEj^^/dP has a smaller 
pressure dependence than the X rninima of the (BGa)P layer and (BGa)(AsP) layer (-1.48 
meV/kbar). This is also consistent with our previous findings in Figure 6.24 and implies that 
leakage into the X minima of the (BGa)P layer and (BGa)(AsP) layer is not significant at these 
temperatures. We note that similar behaviour is also observed in device #16195 (as described 
in Subsection 6.3.2) and predicted that the leakage path may involves states with a weaker 
pressure dependence, such as localized defect states in these devices. The similar pressure 
coefficient of leakage level in devices #16052 and #16053 suggests that leakage level is same 
for both devices #16052 and #16053.
The nitrogen induced GaPN E_ subband (as described in Subsection 4.4.3 of Chapter 4) 
may also be a possible carrier leakage path and has an estimated pressure coefficient of
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Figure 6.25: Measured pressure dependence of the lasing energy at various temperatures for 
devices #16052 and #16053. Also shown is the pressure dependence of E(GaAsP). The 
nitrogen level position was determined by interpolation of isolated N level in GaAs and GaP 
and assumed to have negligible pressure dependence. The change in lasing energy with 
pressure can be fit with BAC model to predict the amount of N in the quantum well.
I dP — ~ +5.5 meV/kbar. Using the pressure coefficient of the leakage level, from 
Figure 4.21 of Chapter 4 we find that there may be as much as 4.4±0.2% of nitrogen 
incorporated in the GaP spacer in devices #16052 and #16053. The band anti-crossing 
model is used to calculate the nitrogen incorporation in the active region of devices #16052 
and #16053. Using the same calculation procedure as in Figure 6.16 we find that the BAC 
model gives good agreement with the experimental data for which C^^ = 1.55+0.02 
(1.86±0.02) eV and x= —1.5% (—1.5%) as well as Cj^ = 1.59±0.02 (1.94±0.02) eV and x= 
-1.5%  (—1.5%) in device #16052 (device #16053) at 80K and 120K, respectively (as shown 
in Figure 6.25). This suggests a nitrogen incorporation of around —5.6% (—5.6%) (since —7% 
nitrogen intended to incorporate in the active region of both devices #16052 and #16053
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during the growth) in the GaP spacer region of device #16052 (device #16053), which is not 
consistent with our previous measurements (4.4±0.2%). This behaviour is also observed in 
device #16195 (as described in Subsection 6.3.2) and assumed that some nitrogen may have 
diffused from the GaP spacer region to (BGa)(AsP) barrier region and formed boron- 
nitrogen non-radiative centre. Hence, the results in Figure 6.25 suggest that there may be 
about —1.2% (—1.2%) nitrogen diffused from the GaP spacer region to (BGa)(AsP) barrier 
region in device #16052 (#16053).
If we assume that aU the defects are in the barrier for device #16052 (device #16053) then 
the theoretically calculated leakage current (into X-rninima of (BGa)P layer and (BGa)(AsP) 
layer) shows a fit to the measured leakage current for —1.5% (—1%) and —3.9% (—3%) 
leakage at 80 K  and 120 K, respectively. This suggests that carrier leakage into X-minima of 
(BGa)P layer and (BGa)(AsP) layer is not significant (less than 5% at every measured 
temperature). From the fit to the pressure data (without the subtraction of defect current) by 
using Equation 4.4 in Subsection 4.3.3 of Chapter 4, we can determine the activation energy 
of leakage current (dAE/dP) for device #16052 (device #16053), which is — -0.28 (— -0.43) 
and — -0.27 (— -0.39) meV/kbar at 80 K and 120 K, respectively. These result in a pressure 
coefficient for the leakage levels (dEjg^/dP) for device #16052 (device #16053) of — +5.7 (— 
+5.6) and — +5.7 (— +5.6) meV/kbar at 80 K and 120 K, respectively, which are much 
smaller than the pressure dependence of the X-minima of the (BGa)P layer and (BGa)(AsP) 
layer (-1.48 meV/kbar). This is also consistent with our previous findings and implies that 
leakage into the X nainima of the indirect (BGa)P layer and (BGa)(AsP) layer is not significant 
at these temperatures. If we assume that nitrogen induced E_ subband (as described in 
Subsection 4.4.3 of Chapter 4) a possible carrier leakage path and has a pressure coefficient of 
I dP ~ +5.7 meV/kbar then it suggests that there may be as much as 4.6±0.2% of 
nitrogen incorporated in the GaP spacer in the Ga(NAsP)/(BGa)P/Si quantum well lasers. 
Hence, the analysis shows an amount of —1.5% (from BAC model analysis) and —4.6% (from
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the leakage current activation energy analysis) nitrogen in the active region and GaP spacer 
region, respectively. This suggests that the remaining 0.9% ( (7%-(1.5%+4.6%)) ) nitrogen 
may be diffused from the GaP spacer region to the (BGa)(AsP) barrier region and creating 
nitrogen-boron non-radiative recombination center.
Hence we suggest that, nitrogen induced localized defect states and/or nitrogen induced 
E_ level in the GaP spacer and/or nitrogen-boron bonds in the (BGa)(AsP) barrier region are 
the origin of the loss mechanisms in these devices. Pressure dependence measurements 
suggest that devices #16052 and #16053 have a higher diffused nitrogen concentration in the 
GaP spacer region than that of device #16195. The fastest relative increase in threshold 
current density with increasing pressure in device #16195 compared to devices #16052 and 
#16053 (as can be seen from Figure 6.12(b) and Figure 6.23(b)) may be due to the reduced 
amount of nitrogen in the GaP spacer of device #16195 causing a smaller pressure coefficient 
of the leakage level (as described in Figure 4.23 in Chapter 4) in device #16195 than that of 
device #16052 and #16053. It may also be explained in terms of a combined effect of defects 
and carrier leakage as shown in Figure 4.27 in Chapter 4. The fact that, the higher amount of 
nitrogen diffusion into the GaP spacer region in devices #16052 and #16053 compared to 
device #16195 has introduced more defects levels between the Ga(NAsP) active region and 
GaP spacer in devices #16052 and #16053 than that of device #16195. For this reason, 
devices #16052 and #16053 have higher thermally activated carrier leakage compared to 
device #16195 as more energetic carriers increasingly recombine via the defect states.
Although the use of a multi-quantum well structure decreases the non-radiative carrier 
leakage mechanism and improve the device performance but stdU the Ga(NAsP)/(BGa)P/Si 
quantum well laser performance is mainly limited by monomolecular recombination due to 
defects (as shown in Figure 6.21 and Figure 6.22). The defects in Ga(NAsP)/(BGa)P/Si 
material are are formed during the growth as described by K. Voltz. et. al. in ref. [171]. The
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silicon surface orientation plays an important role for the defect free growth of Ga(NAsP) 
active material on a silicon substrate. The effect of the silicon growth surface on the device 
performance is investigated in the next section.
6.5 Performance improvement of Ga(NAsP)/(BGa)P/Si QW lasers by 
reducing defects
Section 6.4 shows that ~60% of current at the threshold of novel Ga(NAsP)/(BGa)P/Si 
quantum well lasers is due to monomolecular recombination due to defects. In order to 
remove the defect related recombination a better understanding of the origin of defects in 
these devices is essential. The Ga(NAsP) quantum weh structure on GaP and silicon 
substrates is grown under the same growth conditions, however, the monomolecular current 
contribution due to defects is less significant in Ga(NAsP)/GaP quantum weh lasers as 
described in Figure 4.11 in Chapter 4. Hence, we assume that the defects in 
Ga(NAsP)/(BGa)P/Si quantum weh lasers may be originating during the integration of 
Ga(NAsP)-based active material on the shicon substrate. For sihcon CMOS compatibhity, the 
growth tolerance demands that the substrate be oriented within 0.5° of (001). It has been 
reported that shicon substrates with a shght miscut angle from (001) orientation to one of the 
(110) direction is favourable for defect free growth of Ga(NAsP) active material [185]. 
However, if the miscut is more than 0.2° then defects can be formed again. For this reason, it 
is worthy to compare the device performance and recombination mechanisms of 
Ga(NAsP)/ (BGa)P quantum weh lasers integrated on sihcon substrates with different miscut 
angles. The two structures in this study named as A and B were grown on two different 
silicon substrates, A is on a shicon substrate with 0.1° miscut angle in (110) direction but 30° 
away from (110) direction and B is on a shicon substrate with 0.1° miscut angle. Both 
structures have same structure (originahy device #16052) and grown under the same growth 
conditions. The active region of A and B consist of a Ga(NAsP) quantum weh within
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(B_5%Ga) (As_ii%P)/GaP/Ga(N-7%As_go%P) /  GaP/(B_5%Ga)(As_ij%P) (20am /3nm /5am /-
3am/20am) layers saadwiched betweea 50am (B_5%Ga)(As_ i^%P) aad 100am (BGa)(AsP) 
graded layers. The detailed structure of these devices (same as device #16052) is described ia 
Appeadix C. For a fair comparisoa, devices from A aad devices Eom B were measured ia the 
same experimeatal setup aad uader the same measuremeat coaditioas (temperature, pulse 
width aad frequeacy). Oa device A (device B), the lowest aad highest temperature that a 
threshold curreat could be measured was 40 K  (40 K) aad 80 K  (120 K), respectively. The 
devices were measured as-cleaved uader pulsed operatioa with 500 as pulses at a duty cycle 
of 10 kHz ia order to reduce curreat heatiag effects.
The threshold curreat deasity of device A (device B) is measured to be ~3.2±0.4 kAcm'^ 
(~0.87+0.3 kAcm'^). The emissioa waveleagth of device A (device B) is measured to be 
~809 am (~810 am) at 60K as showa ia Figure 6.26(a). The similar emissioa waveleagth ia 
both devices suggests that both devices have same amouat of nitrogea ia the active regioa. 
The sigaificaatly lower threshold curreat deasity aad higher operatiag temperature ia devices 
from structure B compared to devices from structure A suggests that devices from B are 
growa oa a sikcoa substrate with a miscut aagle closer to optimum. The aatural logarithm of 
the measured threshold curreat deasity aad external quaatum efficieacy as a fuactioa of 
temperature for both device A aad device B is showa ia Figure 6.26(b). It caa be seea that 
the Tq of device A (device B) is 46±2 K (~118 K) at 80 K. The value of Tq = 2T/3 may 
suggests that the moaomolecular curreat coatributioa at threshold ia device A is significaat 
(as described ia Chapter 2 (Subsectioa 2.3.13)). The moaomolecular recombiaatioa ia devices 
A will be discussed ia details lately ia this sectioa. The uausuaUy large Tq value at low 
temperature (80 K) ia device B is aa iadicatioa of material iahomogeaeities withia the active 
regioa [85], which is observed ia other Ga(NAsP) quaatum well lasers aad discussed earlier ia 
this chapter. Figure 6.26(b) also shows that the T  ^of device A (device B) is ~51 K  (~62 K) at 
80 K. The small T^ j values ia these devices evea at this low temperature is aa iadicatioa of
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nmFigure 6.26; (a) The emission wavelength of device A (device B) is measured to be 
(—812 nm) at 80K. (b)The natural logarithm of measured threshold current density per 
quantum well and external quantum efficiency as a function of temperature for both device A 
and device B suggests that performance these devices may be limited by the similar optical or 
recombination loss process.
optical or recombination loss. These results also suggest that the performance of device A 
and device B may be Hmited by similar optical or recombination loss process.
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Figure 6.27; (a) The measured value of Z at threshold as a function of temperature for 
device A and device B. (b) The comparison of contribution of defect, radiative and leakage 
current density at lasers threshold as a function of temperature for devices A and device B.
Jicak IS determined from the relation ~ ^ t h ~ d e f  ~ rad ■
To gain an understanding of the recombination processes in device A and device B the 
spontaneous emission is analysed using the “Z”-analysis [86]. The measured value of Z at
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threshold (Z ^  as a function of temperature is displayed in Figure 6.27(a). Z^  ^ of device A 
(device B) increases from 1.32±0.1 (1.53±0.1) at 40 K to 1.39+0.1 (1.65±0.1) at 80 K. This 
indicates the importance of monomolecular recombination over this temperature range. 
Figure 6.27(a) also shows that the Z^ value in device A is significantly lower than that of 
device B suggesting that defects are more dominant in device A compared to device B. These 
results are consistent with the lower Tq and T^  values in device A compared to device B and 
may be the reason of significant improvement in threshold current density in device B. The 
defect related recombination in device A and device B are quantified using the same method 
as described in Figure 6.9(a). The sum of radiative and leakage current (Irad+ieak) can be 
determined using the Equation 6.1. The radiative component at laser threshold (I^ j^) in these 
devices is determined from the direct measurement of spontaneous emission and normalised 
to Irad+ieak 40 K. Siucc I^ ad+ieak obtained after the subtraction of defect related 
recombination (as shown in Equation 6.1) and carrier leakage is expected to be negligible at 
this low temperature (40 K), I^ ad is expected to provide a measure of the accurate radiative 
component of threshold current density (after the normalization to Irad+ieak)- The leakage 
current at laser threshold is determined by subtracting the radiative component from ^ rad+leak 
using the same method as described in Figure 6.10. The current density of monomolecular, 
radiative and leakage current contribution at lasing threshold are plotted as a function of 
temperature in Figure 6.27(b). It can be seen that at 80 K  about ~ 78% (~ 64%) of the total 
threshold current in device A (device B) is due to the monomolecular current contribution 
originating from the defects. This implies that removing the monomolecular current 
contribution wiU significantly improve the device performance. The large defect-related 
recombination in both device A and device B may suggest that the silicon substrates of both 
devices have a miscut angle, which is far from optimum. The fact that perfect double steps on 
the (001) silicon substrates are required to ensure the defect free growth Ga(NAsP) active 
material on an exact (001) silicon substrate [171]. The devices in this study were grown using 
metal organic vapour phase epitaxy, where the silicon substrate is expected to be covered with
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hydrogen. An optimum miscut angle from the (001) orientation to one of the (110) direction 
is required to set in the formation of double steps. In the case of non-optimized miscut angles 
monoatomic steps become more stable on the silicon substrate and hence antiphase disorder 
is formed. In the case of a non-stoichiometric antiphase boundary the numbers of Ga-Ga and 
P-P bonds are not equal. In this case there wtU. be a net surplus of either Ga-Ga or P-P 
bonds. These antiphase boundaries are highly energetic defects. Moreover, if the first atomic 
plane on the silicon surface is a continuous Ga plane or continuous P plane, the two bonds 
with the silicon lattice introduce a donor-Hke charge defect. This charge builds up an electric 
field in the epitaxial layer. The Ga or P atoms at the GaP-sihcon interface wiU be affected by 
the charge induced electric field, since the charge extends over a large distance in the material. 
This causes an isIand-Hke three dimensional growth and hence the possibility of defect 
formation in the growth direction. However, monomolecular recombination due to defects in 
device B is lower than that of device A, which implies that the silicon substrate in device B 
has a miscut angle closer to optimum. Figure 6.27(b) also shows that carrier leakage in device 
A (13% of threshold current) is higher compared to device B (7% of threshold current) at 80 
K. This may be due to the higher density of defects in the barrier region of device A 
compared to device B. The fact that, due to the non-optimum miscut angle in device A, the 
isIand-Hke three dimensional growth may form a significant amount of defects in the barrier 
region which may introduce a thermally activated leakage path as more energetic carriers 
increasingly recombine via the defect states.
A hydrostatic pressure dependent measurement was undertaken to further investigate the 
carrier leakage mechanism in these devices. Figure 6.28(a) shows the calculated pressure 
coefficient for the band gap at 80 K. The pressure coefficient for the band gap of device A 
(device B) is measured to be 5.7T0.2 meV/kbar (5.8±0.2 meV/kbar) at 80 K. Figure 6.28(b) 
shows the measured pressure dependence of threshold current density at 80 K. Also shown is 
the ideal expected variation of oc E^. It can be clearly seen that the threshold current
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Figure 6.28 (a) The pressure coefficient of band gap (Eg) for device A (device B) is found to 
be 5.7±0.2 (5.8+0.2) meV/kbar at 80 K (b) Normalized threshold current as a function of 
pressure at 80 K. The radiative current is calculated from the relation oc Eg^ . The lower 
rate of increase in threshold current with pressure in device A compared to indicates that 
recombination mechanism in this device is dominated by defect related recombination.
increases with pressure much faster than in device B, which suggests the presence of 
carrier leakage in this device. On the other hand, a negligible (slower than increase in 
threshold current density with increasing pressure in device A confirms that the
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recombination mechanism in device A is completely dominated by monomolecular 
recombination due to defects.
6.6 Chapter summary
In this chapter, for the first time, electrical injection lasing operation has been observed in 
novel dilute nitride Ga(NAsP)/(BGa)P quantum well lasers lattice-matched monolithicaUy 
integrated on an exact (001) silicon substrate. The devices show a threshold current density 
of ~ 1.6 kAcm'^ with an emission wavelength of ~ 861 nm at 165 K. The Tq (TJ in the 
devices is ~ 198 K (~ 99 K) at 100 K, decreasing to ~ 73 K (~ 35 K) at 165 K. A rapid drop 
of Tq (Tj) with increasing temperature is consistent with the optical or recombination loss. 
The spontaneous emission versus current curve shows a super-linear behaviour for lower 
current region which indicates the presence of monomolecular recombination due to the 
defects. The temperature dependence of the “Z” analysis shows that increases from 1.7 at 
40 K  to 2.3 at 165 K. The value of Z^ < 2 at low temperatures signifies that the 
monomolecular current contribution at threshold in these devices is significant Hke other 
GaAs-based dilute nitride lasers. It may also imply that the increase in the defect-related 
recombination in these devices leads to the significant performance degradation compared 
with the Ga(NAsP) quantum well lasers grown on GaP substrate. The increase of Z^ value 
with increasing temperatures may suggests the presence of a carrier leakage path in these 
devices at higher temperature. It is found that the monomolecular current is contributing to 
at least ~ 61% (~ 40%) of total threshold current at 40 K (165 IQ. This implies that removing 
the monomolecular current contribution wiU significantly improve the device performance. 
On the other hand, carrier leakage is contributing to at least ~ 0 % (~ 43%) of total threshold 
current at 40 K (165 K). We estimate that the non-radiative contribution accounts for ~ 83% 
of threshold current density even at a low temperature of 165 K. Hence, non-radiative 
processes dominate the carrier recombination mechanisms in these devices and give rise to
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the stronger temperature dependence of a threshold current density. The rapid increase in 
threshold current density with increasing pressure confirms the presence of carrier leakage 
mechanisms in these devices. However, the leakage level has a pressure coefficient (dEj^^/dP) 
of ~ +5.6 meV/kbar, which is smaller than the pressure dependence of X minima of the 
(BGa)P layer and (BGa)(AsP) layer (-1.48 meV/kbar). Hence, the X minima of the indirect 
(BGa)P layer and (BGa)(AsP) layer are not the carrier leakage path in Ga(NAsP)/(BGa)P/Si 
quantum well lasers. Despite the fact that a strong increase in threshold current with 
increasing pressure is observed this may indicate that the leakage path involves states with a 
weaker pressure dependence, such as localized defect states in these devices. From the 
pressure dependence of leakage level we estimated that there may be as much as 4.0+0.2% of 
nitrogen incorporated in the GaP spacer region in these devices. The BAC model predicts a 
nitrogen concentration of ~2.0% in the active region, suggesting a nitrogen incorporation of 
around ~5% in the GaP spacer region of these devices. Hence the BAG model does not 
agree with the calculation (from the pressure coefficient of leakage level) of diffused nitrogen 
contents in the GaP spacer region. This suggests that there may be a diffusion of nitrogen 
from the GaP spacer region to the (BGa)(AsP) barrier region, which may form non-radiative 
nitrogen-boron bonds in these devices and causes significant performance degradation.
The device performance and recombination mechanisms of Ga(NAsP)/(BGa)P/Si single 
quantum well lasers (device #16052) and multi-quantum well lasers (device #16053) are 
compared to investigate whether the multi-quantum well structure reduce the carrier leakage 
mechanisms in these devices. The threshold current density of device #16052 (device 
#16053) is measured to be ~ 1.9 kAcm'^/QW (~1.5 kAcm'^/QW) with a lasing wavelength of 
~822 nm ('^841 nm) at 120K. The lower threshold current density and longer emission 
wavelength in device #16053 compared to device #16052 may be due to the multi-quantum 
well devices (#16053) providing a lower threshold carrier density (%) and reduced quasi- 
Fermi level splitting compared to the smgle quantum well devices (#16052). It is found that
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that Tq on device #16052 (#16053) to be ~118 K (~135 K) at 80 K, which drops to ~ 47 K 
(~52 K) at 120 K. On the other hand, T  ^ on device #16052 (#16053) to be ~62 K  (~81 K) 
at 80 K, which drops to ~17 K (~22 K) at 120 K. The slightly improved Tq at 120 K in 
device #16053 than that of device #16052 are consistent with the improved threshold 
current density in device #16053. Temperature dependence of “Z” analysis shows that Z^, of 
device #16052 (device #16053) increases from ~1.53 (~1.54) at 40K, which indicates the 
monomolecular recombination dominated threshold current density, to ~2.2 (~2.0) at 165 K. 
This may also indicate that dominant recombination mechanism is similar for both devices 
#16052 and #16053. It is found that at 120 K about 60% (57%) of the total threshold current 
in device #16052 (device #16053) is due to the monomolecular current contribution 
originating from the defects. The carrier leakage in device #16053 (24% of threshold current) 
is lower compared to device #16052 (27% of threshold current). A single quantum well laser 
(device #16052) has lower optical confinement factor and lower differential gain at threshold 
compared to a multi-quantum well device (device #16053). As a result, device #16053 has 
significandy reduced threshold carrier density (nQ. Since the non-radiative carrier leakage 
mechanism is strongly dependent on carrier density, hence the carrier leakage in device 
#16052 is higher compared to device #16053. The lower rate of increase in threshold current 
with increasing pressure in device #16053 compared to device #16052 is consistent with the 
reduced non-radiative recombination in multi-quantum well device structure (device #16053).
The device performance and recombination mechanisms of Ga(NAsP)/(BGa)P/Si single 
quantum well lasers grown on silicon substrate with two different miscut angles (Device A is 
on a silicon substrate with 0.1® miscut angle in (110) dicection but 30® away from (110) 
ditection and Device B is on a silicon substrate with 0.1® miscut angle) is compared to 
investigate the origin of defects in these devices. The threshold current density of device A 
(device B) is measured to be ~3.2 kAcm'^ (~0.87 kAcmQ with a lasing wavelength of ~808 
nm (~812 nm) at 80K. The lower threshold current density and higher operating temperature
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in device B compared to device A may suggests that device B is grown on a silicon substrate, 
which may have a miscut angle closer to optimum. It can be seen that Tq on device A (device 
B) to be ~46 K  (~118 K) at 80 K. The value of Tq = 2T/3 may suggests that the 
monomolecular current contribution at threshold in devices A is more significant compared 
to device B. It is estimated that at 80 K about ~ 78% (~ 64%) of the total threshold current 
in device A (device B) is due to the monomolecular current contribution originating from the 
defects. This implies that removing the monomolecular current contribution will significantly 
improve the device performance. The huge defect related recombination in both device A 
and device B may suggest that the silicon substrates of both devices have a miscut angle, 
which is far from optimum. However, a higher defect related recombination in device A 
compared to device B is consistent with the fact that device A is grown on a silicon substrate 
which has a miscut angle far from optimum. A negligible (slower than radiative current) 
increase in threshold current density with increasing pressure in device A confirms that the 
recombination mechanism in device A is completely dominated by monomolecular 
recombination due to defects, which may originate from the non-optimized miscut angle of 
the silicon substrate.
Hence we conclude that, although electrical injection lasing has been observed in novel 
(GaNAsP)/  (BGa)P/Si quantum well lasers the device performance is still limited by the non- 
radiative processes Hke defect and carrier leakage. The use of a multi-quantum well structure 
reduced the carrier leakage. On the other hand, optimum miscut angle of the siHcon substrate 
reduced the defect current significantly. The room temperature lasing operation from these 
novel devices will depend on the reduction of defect and carrier leakage by optimizing the 
growth conditions and improving the design of the structure.
Chapter 7
Efficiency limitations o f GaAsSb/GaAs quantum well lasers
7 .1  I n t r o d u c t i o n  a n d  m o t i v a t i o n
Semiconductor laser emitting at ~1.3 pm are key for the rapid expansion of next 
generation metro-area networks. Vertical cavity surface-emitting lasers (VCSELs) operating at 
this wavelength have been of great interest due to their high potential for performance and 
low cost manufacturing. The conventional InGaAsP/InP quantum well material system used 
to make 1.3 pm edge-emitting lasers suffers from poor temperature characteristics [79]. 
Moreover, it is very difficult to fabricate monolithic VCSELs in the InP material system due 
to the lack of lattice matching and high refractive index contrast materials to form all-epitaxial 
DBRs [82]. The performance of 1.3 pm InAs/GaAs quantum dots [196] and 
GalnNAs/GaAs edge-emitting lasers [133] is stiH far from ideal and subject of extensive 
research. On the other hand, the superior optical and thermal properties of GaAs/AlGaAs 
DBRs compared to other Ill-V DBRs and suitability for industrial standard fabrication of 
GaAs-based 1.3 pm VCSELs has made GaAsSb material an active research area due to its 
potential for 1.3 pm active regions on a GaAs substrate [197-205].
A novel GaAsSb/GaAs quantum well material system for 1.3 pm VCSELs was 
proposed by T. Anan et. al. in 1998 [71] to overcome the transmission capacity limitations of 
high performance 0.85 pm VCSELs with multimode fibers. A 12 nm thick
188
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GaAso 6gSbo32/GaAs single quantum well showed a PL peak at ~ 1.322 pm, whereas the room 
temperature emission wavelength was ~ 1.22 pm (for the same active region), which is much 
shorter than the PL peak. A probable reason of this phenomenon may be gain saturation due 
to the limited number of quantum wells. The threshold current density (JQ of a 900 pm x 46 
pm device was measured to be 3 kAcm'^. The increment of the number of quantum wells in 
this proposed material system should be able to avoid the lasing peak shift and reduce the 
by increasing the carrier confinement and decreasing non-radiative processes (Hke Auger 
and/or carrier leakage, which wiH be discussed in detail later in this chapter). However, a 
much reduced for GaAsSb/GaAs single quantum well device was demonstrated by O. 
Blum et. al. [206, 207] and S. W. Ryu et. al. [208] at the same time. Blum et. al. determined the 
of 535 Acm’^  for a 2000 pm X 100 pm GaAso^gSbQ^^/GaAs device. But this device also has 
been limited to a substantial blue shift in emission wavelength. The electroluminescence (EL 
peak) and lasing wavelength was measured to be ~ 1.31 pm and ~ 1.275 pm respectively. 
This phenomenon may be due to a type-II GaAsSb/GaAs band alignment as reported in 
[209-212]. On the other hand, band filling in a compositionaHy inhomogeneous type-1 
GaAsSb/GaAs material system may also be a reason of this substantial blue shift as reported 
in [71, 213]. Wan et. al. have measured a very low of 190 Acm'^for a 2200 pm X 100 pm 
GaAsgj^Sbo 27/ GaAs single quantum well device. This device has a lasing wavelength ~ 1.19 
pm close to the emission wavelength measured by PL. The low threshold operation of this 
device may be attributed to the decrease in the lasing wavelength where the probability of 
non-radiative recombination (Hke Auger) is much lower than the longer wavelength devices. 
However, the internal quantum efficiency of the device has been found lower (only 53%) 
compared to similar material systems [214].
M. Yamada et. al. modified their previously reported (in ref [71]) proposed material 
system by increasing the number of quantum weUs, width of quantum weUs as well as Sb 
content (x = 0.32 to 0.34 for double quantum weU and x = 0.32 to 0.36 for triple quantum
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well) [75], A 1720 pm x 37 pm double quantum well device and a 1880 pm x 37 pm triple 
quantum well device lased at ~ 1.27 pm with ~ 440 Acm'^ and ~ 1.30 pm with J* ~ 770 
Acm’^ , respectively The improved performance of this multi-quantum well structure 
compared to previously reported devices (by M. Yamada et. al. in ref. [71]) may be attributed 
to the improvement in the material system and carrier recombination mechanisms (The 
improvement of carrier recombination mechanisms in a multi-quantum well structure 
compared to single quantum well structure wiU be explained later in this chapter). However 
the modal gain coefficient of the triple quantum well device has been found smaller than the 
double quantum well device in this material system. This unexpected behavior may be due to 
the nonuniformity in the quantum well carrier distribution caused by a large valence band 
discontinuity in the GaAsSb/GaAs material system. Crystal degradation and higher total 
GaAsSb layer thickness due to the higher Sb contents may also be probable causes [75]. The 
incorporation of a strain compensation layer in this multi-quantum well structure may be 
useful to improve this material system. P. W. Liu et. al. [215, 216] used a similar double 
quantum well structure of M. Yamada et. al. [75] to demonstrate an improved and Tq. The 
and Tq of a 1540 pm X 50 pm device emitting at ~1.28 pm was found to be ~210 Acm^ 
and 60 K  respectively. This performance improvement has been attributed to the cracked Sb 
monomer (Sbj) as the Sb source in the growth of the GaAsSb layers.
A GaAsSb double quantum well material system incorporated with GaAsP strain 
compensating layer was introduced by M. S. Noh et. al [217, 218]. The GaAsQ^Sb  ^^  quantum 
well is sandwiched direcdy between two GaAsQ gPo2 layers in this device structure. The lasing 
peak occurs at ~1.20 pm close to the emission wavelength of ~ 1.215 pm measured by EL, 
which indicates a type-I band alignment is present in GaAsSb/GaAsP hetero-interface. The 
Jjj, and internal quantum efficiency (iqj of a 1370 pm X 60 pm device was measured to be 
608 Acm'^ and 33.8% respectively. The poorer performance of this device may be attributed 
to the carrier leakage path between the F rninimum of GaAsSb layer and X minima of GaAsP
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Table 7.1: A comparison of the performance of GaAsg ySbg 3/ GaAs quantum well lasers with
Parameter Device A Device B Device C
Composition GaAso ySbo^/GaAs GaAsg ^ Sbg 3/GaAs GaAsg ySbg 3/ GaAs
Number of QW 1 1 2
Strain Compensated No Yes Yes
Emission
Wavelength
1.240pm 1 .2 0 0 pm 1.190pm
Threshold current 
density/QW
225 Acm'^ 240 Acm'^ 375 Acm'^
Internal quantum 
efficiency
73% 76% 78%
Internal optical loss 13 cm'^ 12  cm'^ 8 cm'^
layer GaAs,,sb,, = XlZmeV and X minima of GaAsP layer move to lower energy
with pressure) as reported in [79, 219-221]. However, high energy separation (=373 meV) 
between the E minimum of the GaAsSb layer and X rninima of the GaAsP layer suggests 
carrier leakage is highly unlikely. Thermally activated carrier leakage via defects may also 
reduce device performance which wül be discussed later in this chapter. S. Q. Yu et. al. 
demonstrated the comparison of performance (as shown in Table 7.1) of a GaAsgjSbg 3/ GaAs 
single quantum well without strain compensation (device A), GaAs^ ySbq 3/ GaAs single 
quantum well with strain compensation (device B) and GaAsgjSbg 3/ GaAs double quantum 
well with strain compensation (device C) [82]. A GaAs spacer was placed between the 
GaAsoySbgj quantum well and GaAsg çPo.i strain compensating layer in device B and C. The 
Jth/QW of 1457|um x 32pm device A, 1367pm x 32pm device B and 1274pm x 32pm device 
C was determined to be ~225 Acm'^, ~240 Acm'^ and ~ 375 Acm'^ emitting at ~ 1.240pm, ~ 
1.200pm and ~ 1.190pm respectively. The ?]• and internal optical loss (a^ ) were measured to be 
73%, 76%, 78% and 13 cm"\ 12 cm‘^ and 8 cm'  ^respectively. These improved performance of
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device A, device B and device C compared to devices with similar materials reported in ref. 
[206, 208, 215, 217] and may be attributed to the improvement of material quality through 
optimization of material growth and slightly lower Sb concentration. Performance 
improvement of the GaAsSb/GaAs material system through the optimization of growth 
conditions has been demonstrated in detail by S. Q. Yu et. al. in ref. [82].
A substantial number of GaAsSb/GaAs quantum well lasers have been grown and 
research has been undertaken to access the carrier recombination and temperature dependent 
processes occurring in such devices. K. Hild et. al. studied the threshold current and its 
temperature dependence in GaAsg ySbo g/GaAs triple quantum well lasers [79, 219, 221]. It has 
been demonstrated that at room temperature, the threshold current is dominated by non- 
radiative recombination accounting for more than ~90% of the total threshold current 
density. It has also been observed that there is a possibility of electron overflow into the 
GaAs/GaAsP barrier layers. However until now there is very littie research on the interaction 
of various device parameters that impact the carrier recombination and temperature 
dependent processes occurring in the GaAsSb/GaAs quantum well material system for the 
further optimization of GaAsSb/GaAs quantum well laser performance. This chapter 
corelates the device structures and device growth conditions with the carrier recombination 
mechanisms and temperature dependent processes occurring in the GaAsSb/GaAs quantum 
well material system to aid in the further design and optimization of GaAsSb/GaAs laser 
performance.
Chapter 7 consists of six sections. Section 7.2 discusses the background theory (in addition to 
the general theory of Chapter 2) required to explain the experimental results on 
GaAsSb/GaAs quantum well lasers. Section 7.3 describes the influence of strain 
compensating layers on the recombination and loss mechanisms of GaAsSb/GaAs quantum 
well lasers. Section 7.4 investigates the effects of device structure on the performance of
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GaAsSb/GaAs quantum well lasers. Section 7.5 investigates the role of growth temperature 
on the carrier recombination mechanisms of GaAsSb/GaAs quantum well lasers. Finally, 
section 7.6 summarizes the recent improvements, efficiency limitations and further 
optimization of GaAsSb/GaAs quantum well lasers.
7 . 2  B a c k g r o u n d  t h e o r y
The determination of the alignment of the conduction and valence bands at the 
GaAsSb/GaAs heterojunction is critical for theoretical modeling and design optimization. 
Type-I band alignment provides an increased optical gain due to better electron-hole overlap. 
On the other hand, type-II band alignment could potentially allow access to longer 
wavelengths [222, 223]. The basic theory about the band alignment at GaAsSb/GaAs 
heterojunction is presented in Subsection 7.2.1.
7.2.1 Band alignment at GaAsSb/GaAs heterojunction
The central feature of a heterojunction is that the band gaps of the participating 
semiconductors are usually different. Thus, the energy of the carriers at the band edges 
usually changes as those carriers pass through the heterojunction. Most often, there will be 
discontinuities in both the conduction and valence bands. These discontinuities are the origin 
of most of the useful properties of the heterojunction. It has been found experimentally that 
there is no a priori relation between the band-edge energies of the two semiconductors 
forming a heterojunction. The band alignment of GaAsSb/GaAs heterojunction is described 
in Figure 7.1.
The total band gap discontinuity (AE^ ) of GaAsSb/GaAs heterojunction is known with great 
certainty.
CHAPTER 7: EFFICIENCY LIMITATIONS OF
GaAsSb/GaAs QUANTUM WELL LASERS
194
P
0)c(U
"c<D
E<Dc4—co
O
GaAsSb
C
AE,GaAsSbV
GaAsSb
AE GaAsSb I GaAs C
Î
■'GaAsSb
-TtV
AE GaAsSb / GaAs V
GaAs
E.GaAs
AE,GaAs
AE GaAs
Epitaxial growth direction
Figure 4.1: GaAsSb/GaAs heterojunction band ahgnment.
GaAsSb (7.1)
where Eg '^  and are the energy gaps of GaAs and GaAsSb, respectively. The total
discontinuity is divided between the valence and conduction band discontinuities, defined by.
AE,
AE,
GaAsSb / GaAs 
V
GaAsSb
GaAsSb / GaAs 
C = E'c
GaAs
Ec
GaAsSb
(7.2)
(7.3)
where AE,GaAsSb / GaAs C and AE;
GaAsSb / GaAs
V are the conduction and valence band offsets.
respectively. The distributions of the discontinuities of GaAsSb/GaAs hetero junction 
between the valence and conduction bands have been investigated by theory and experiment 
[222, 224, 225]. S. R. Johnson et. al. has shown that, although the bulk band gaps of GaAs^ 
,,Sb,, and In^Ga^^As are very similar for x<0.5, much longer emission wavelengths can be 
reached on GaAs using GaAsSb active layers. This can be attributed to a weak type-1 band 
alignment and a large band gap bowing parameter for psendomorphic GaAsSb on GaAs 
[222]. For x>0.5 the GaAsSb/GaAs conduction band offset is type-11, allowing access to 
even longer wavelengths. The ^^ GaAsSbiGaAs been experimentally measured to be
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19.0 ± 19.1 weE with the bowing distributed (bg/bj ~45% to the conduction band 
= 0.45 ± 0.05) for a GaAsQ7^ Sb„29/GaAs material system in ref. [222]. The band 
ahgnment of GaAsSb/GaAs heterojunction has been further investigated by J. —B. Wang et.
al [224]. It has been demonstrated that the AE,GaAsSb / GaAs C of the coherently strained GaAs^
,,Sb,./GaAs material system has a zero crossing at Sb mole fraction of x = 0.43 ±0.07. This 
occurs as a consequence of a considerable amount (58%) band gap bowing being distributed 
to the conduction band. The has been calculated to be 23.0 ±23.OweE (a weak
type-I conduction band offset) for a GaAsg g^ S^bg 337/ GaAs material system. GaAsSb/GaAs 
heterojunction type-1, flat and type-11 band alignment are illustrated in Figure 7.2.
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Figure 7.2: Schematic of possible GaAsSb/GaAs heterojunction band alignment types in 
examples of present structures with GaAsSb QWs, GaAs spacer and AlGaAs barriers, 
showing schematic wave functions (dot dot lines). A type-1 band alignment is formed for 
Sb<0.43 (Figure 7.2 (a)). A type-1 and type-11 zero crossing occurs at Sb=0.43 (Figure 7.2 
(b)). A type-11 band alignment is formed for Sb>0.43 (Figure 7.2 (c)).
7.3 Influence of strain compensating layers on the recombination and 
loss mechanisms of GaAsSb/GaAs quantum well lasers
It has been demonstrated that GaAsSb/ GaAs material quahty can be improved by 
incorporating GaAsP strain compensating layers [217]. However, a better understanding of 
the impact of strain compensating layers on the recombination and loss mechanisms of
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Figure 7.3: Schematic of device #B899 and device #L0611.
GaAsSb/GaAs quantum well lasers is required to further optimize and improve the device 
performance. In this section, we have investigated the physical properties of GaAsSb/GaAs 
single quantum well structures with and without strain compensating layers. The devices 
studied in this section were grown using a solid source molecular beam epitaxy growth 
technique and under same growth conditions. Device #B899 has an active region consisting 
of one GaAs/GaAsQjSbg ^ /GaAs (15nm/7nm/15nm) with a single strained quantum well and 
device #L0611 has an active region consisting of one GaAsogPpi/GaAs/GaAsoySboj/- 
GaAs/GaAsogPoi (8nm/3nm/7nm/3nm/8nm) with a single strain compensated quantum 
well, as shown in Figure 7.3. The details of the device structures can be found in Appendix D. 
Room temperature measurements were carried out on a probe station setup as described in 
Chapter 3 (Subsection 3.2.1). The light — current characteristics were measured as a function 
of laser cavity length. The facet emission as a function of applied current was collected using 
a large area InGaAs detector to determine the threshold current density and external quantum 
efficiency. The facet emission was also collected for a fixed current via an optical fibre and is 
analysed with an ANDO AQ6315A optical spectrum analyser to investigate the emission
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spectrum. For a fair comparison, devices #B899 and #L0611 were measured in the same 
experimental setup and under the similar measurement conditions (substrate temperature, 
pulse width and frequency). The devices were measured as-cleaved under pulsed operation 
with 500 ns pulsed at a duty cycle of 10 kHz in order to reduce current heating effects.
The value of best measured threshold current density of device #B899 (device #L0611) 
was found to be ~253 Acm^ for a 1.71 mm x 0.032 mm device (~229 Acm ^  for a 1.7 mm x 
0.032 mm device) with a lasing wavelength of ~1239 nm (~1236 nm) at room temperature. 
The histograms in Figure 7.4 compare the measured threshold current densities of the devices 
(with ~ 1.2 mm cavity length) at room temperature. The threshold current densities have been
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(14±0.5 cm“l), respectively for device #B899 (device #L0611).
categorised in 5 Acm'^ intervals (316-320 Acm^, 321-325 Acm  ^and so on). These data show 
a spread of values from as low as 326 Acm^ to values approaching 390 Acm’“. To some 
extent, this spread may be due to the slight variation of cavity lengths and substrate 
temperatures. However, a trend is clearly visible. Although for the devices with ~1.2 mm 
cavity length, the lowest measured threshold current density of device #B899 (device 
#L0611) is found to be ~372 Acm^ (~326 Acm"“) but the distribution of the measured 
threshold current density is centred around —380 Acm’^  (—330 Acm"“). Hence, on average 
device #L0611 has an improved threshold current density than that of device #B899, 
suggesting that the incorporation of strain compensating layers may have improved the 
material quality in device #L0611 compared to device #B899. However, the values of 
threshold current densities in both devices #B899 and #L0611 are still larger than more
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established GaAs-based lasers, which operate at similar wavelengths for which /Q W  —100 
Acm’^  [105], which needs to be better understood in order to optimize and improve the 
device performance. Figure 7.5 shows the inverse of differential quantum efficiency (qj 
against the cavity length The internal quantum efficiency (qj and internal optical loss
(aj) of device #B899 (device #L0611) are determined to be 67+2% (72+1%) and 19+0.3 
cm“l (14+0.5 cm"^), respectively using the relations 2.26 (as described in Subsection 2.3.12 of 
Chapter 2). The slightly higher internal quantum efficiency and lower internal optical loss in 
device #L0611 than that of device #B899 is also consistent with the improvement in the 
material quality in device #L0611. However, we note that internal quantum efficiency and 
internal optical loss in both devices #B899 and #L0611 are lower than that of other GaAs- 
based materials (for which internal quantum efficiency and internal optical loss are 83-85% 
[125] and 10 cm~  ^ (for devices emitting around — 1.5 pm [226]), respectively). The low 
internal quantum efficiency and high optical loss in both devices #B899 and #L0611 is 
consistent with the large threshold current density in these devices compared to other GaAs- 
based lasers. The natural logarithm of threshold current density against the inverse of the 
cavity length (L^ ^^ ) is shown in Figure 7.6. The current density for infinite cavity length ( J^) of 
device #B899 (device #L0611) are calculated to be 108+4 Acm'^ (110+4 Acm'^) (the 
meathod of calculation is described in Subsection 2.3.14 of Chapter 2). The values of current 
density for infinite cavity length in these devices are similar to other GaAs-based material 
system [125]. The higher optical losses in both devices #B899 and #L0611 suggests that 
further improvement in the devices is required.
To gain further understanding of the recombination and loss mechanisms in these 
devices, temperature dependence of threshold current, emission wavelength, differential 
quantum efficiency and pure spontaneous emission are measured. Temperature dependent 
measurements over the range 60 — 300 K (with 20 K temperature steps) were performed 
using a standard closed-cycle cryostat set-up as described in Chapter 3 (Subection 3.2.3). At
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each temperature, both facet emission and spontaneous emission of the laser devices as a 
function of current were measured to quantify the threshold current and its radiative and 
non-radiative components. For these cryostat measurements, the collection of the facet 
emission was fibre coupled and the detector consists of a Peltier-cooled ANDO AQ2140 
InGaAs optical power meter. The spontaneous emission was collected from the milled 
window in the laser substrate using an optical fibre and is analyzed with a Peltier-cooled 
ANDO AQ2140 InGaAs optical power meter.
The natural logarithm of the measured threshold current density and external quantum 
efficiency as a function of temperature for both devices #B899 and #L0611 are shown in 
Figure 7.7. It can be seen that Tq on device #B899 (#L0611) to be ~ 88  K (~ 112 K) at 200 
K, which drops to ~ 51 K (~ 66  K) at room temperature. Tq (at room temperature) in these 
devices is approximately the same as that of conventional InGaAsP/InP devices (typically
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Figure 7.7: The natural logarithm of measured threshold current and external quantum 
efficiency as a function of temperature for both devices #B899 and #L0611 suggests that 
performance these devices may be limited by the similar loss process mechanisms.
~50-60 K near room temperature [214]). Figure 7.7 also shows that T^  on device #B899 
(#L0611) to be ~ 371 K (~ 406 K) at 200 K, which drops to ~ 88  K (~ 126 K) at room 
temperature. Indeed, when compared with other devices operating at similar wavelengths 
[129] (for which T^  ~1000 K around room temperature), T^  is significantly lower in these 
devices. The lower T^  is an indication of thermally activated loss processes occurring in these 
lasers at higher temperatures. The results in Figure 7.7 also suggest that the performance of 
both devices #B899 and #L0611 may be limited by the similar loss mechanisms. However, Tq 
(TJ in device #L0611 of ~ 66  K (~ 126 K) is higher than that for device #B899 of ~ 51 K 
(~ 88  K) over a temperature range of 220-300 K, which is consistent with the reduced 
threshold current density of device #L0611 than that for device #B899.
Figure 7.8 shows the integrated spontaneous emission (L J  versus current at 60 K and 
280 K for both devices #B899 and #L061L The two curves have been normalized to the
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Figure 7.8; The integrated spontaneous emission (L J  versus current at 60 K and 280 K for 
both devices #B899 (left figure) and #L0611 (right figure). The sub-Hnear behavior of the 
L versus current curve at higher temperature suggests that a non-radiative process is 
present in these devices and that the process has a stronger dependence on the carrier density 
than radiative current.
value of Lgp^  ^at threshold (^LpJ, so that the sub threshold shape of both curves can be easily 
compared and contrasted. The close to linear behavior of the L^ p^  ^versus current curve (in 
both devices #B899 and #L0611) at 60 K suggests that the primary current path flowing 
through the lasers may be associative radiative recombination. The super-linearity of the 
curve down at the lowest currents (in both devices #B899 and #L06I1) suggests that some 
defect-related recombination may be present in these devices. On the other hand, the sub- 
Hnear behavior of the L versus current curve at higher current at 280K (in both devices 
#B899 and #L0611) suggests that a non-radiative process is present and that the process has 
a stronger dependence on the carrier density than radiative current. We note that, a lack of 
complete pinning of spontaneous emission above threshold observed in both devices #B899 
and L06I1 (in Figure 7.8) is a signature of inhomogeneities as described in Subsection 4.3.2 of 
Chapter 4 (in Figure 4.13). It can also be seen that pinning is improved at 280 K than at 60 K. 
This may be due to the reduction in carrier locaHzation (through higher thermal energy of the 
carriers), indicating there may inhomogeneities in the active region in these devices.
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Figure 7.9 shows the normalized (at T=60 K) temperature dependence of threshold 
current density (J J^ and its radiative component which is extracted from the pinning
level of the measured integrated spontaneous emission at laser threshold. Here is 
determined by assuming that (a) is proportional to the integrated spontaneous emission 
rate at laser threshold and (b) that non-radiative recombination is negligible at the lowest 
temperature. therefore provides a measure of the maximum radiative component of as 
a function of temperature. From the measured and for device #L0611 we estimate that 
the relative ratio of the radiative and non-radiative currents at threshold current density are 
—27% and —73%, respectively, at room temperature, compared with —16% and —84% for 
devices #B899 at room temperature. Thus, a non-radiative recombination process dominates 
the threshold current density at room temperature in both device structures. It can also be 
seen that in addition to having a lower absolute threshold current density, device #L0611 has 
a lower Jnonrad/Jth than in device #B899. This may be due to the use of the GaAso^Pq^ strain
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compensation layer in device #L0611 to improve the interface quality by reducing interface 
imperfection. The interface imperfection in device #B899 may introduce defects at the 
GaAsSb active region and GaAs spacer interface forming a thermally activated loss 
mechanism as more energetic carriers increasingly recombine via the defect states. It follows 
that the incorporation of the GaAsogPo.i strain compensation layer in device #L0611 may 
reduce interface imperfection and associated defects and consequently reduces the thermally 
activated non-radiative processes, thereby reducing the threshold current density for device 
#L0611. We note that, in Figure 7.8, at low current, the light-current curve is more 
superlinear in device #L0611 than that of device #B899 indicating more quantum well 
defects in device #L0611. However, if there is also strong leakage path via interfacial defects 
in device #B899 then that may obscure the low current super-Hnearity.
A hydrostatic pressure investigation was undertaken to further understand the origin of 
loss mechanisms in these devices. The application of hydrostatic pressure mainly affects the 
conduction band (CB) causing an increase in the direct band gap of III-V semiconductors 
and is therefore an ideal method to investigate the important band gap dependent non- 
radiative processes (Hke Auger, carrier leakage and defect-related recombination). With 
increasing pressure, the Auger recombination process usually reduces, carrier leakage 
mechanisms increases and defect related recombination in the quantum well remains 
constant. Further details of these dependencies can be found in Section 2.6 of Chapter 2. 
Figure 7.10(a) shows the measured pressure dependence of the lasing energy at room 
temperature. The pressure coefficient for the band gap of device #B899 (device #L0611) is 
measured to be 7.7+0.1 meV/kbar (7.7+0.2 meV/kbar). Figure 7.10(b) shows the measured 
pressure dependence of the threshold current density at room temperature. Also shown is the 
ideal expected variation of It can be clearly seen that at room temperature the
threshold current increases with pressure much faster than in both devices #B899 and 
#L0611, which confirms that the lasers are not operating in a radiatively dominated regime
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Figure 7.10: (a) Lasing wavelength at 1.1 a function of applied pressure shows that both 
devices #B899 and #L0611 have similar pressure co-efficient of ~7.7 meV/kbar. (b) 
Normalized threshold current as a function of pressure shows a fastest relative increase in 
threshold current density in device #L0611 compared to device #B899.
and further suggests the presence of carrier leakage mechanisms in these devices. The 
threshold current of device #B899 (device #L0611) increased by —36% (—64%) up to 7 kbar 
at room temperature. The higher rate of increase in threshold current in device #L0611
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compared to device #B899 may be due to the use of GaAsg gPg^  strain compensation layer in 
devices #L0611 which decreases the concentration of defects. The fact that threshold current 
for device #B899 has a stronger temperature dependence, but weaker pressure dependence 
indicates that the defect levels are shallow and therefore not pressure dependent. The 
conduction band offset of the GaAsSb/GaAs interface (for 30% Sb) is still a matter of debate 
with reports in the literature of both weak type I [213] and type II alignments [209]. This 
indicates that the conduction band offset is close to zero. From a simple linear interpolation 
of the band gap pressure coefficients of the constituent binaries, GaAs E-rninimum (+10.7 
meV/kbar) and GaSb E-trdriimum (+14.2 meV/kbar) we would expect a shift for the 
GaAsSb quantum wells E-minimum of —fll .9  meV/kbar. Due to the slightly larger pressure 
coefficient of the GaAsg ySbo g quantum well E-rrunimum compared to the GaAs E-minimum 
(difference = +1.2 meV/kbar), occupation of electrons in the GaAs states may increase with 
increasing pressure, as shown by the calculated dot-dot line in Figure 7.11(a) and (b). 
Furthermore, due to the small or possibly negative (type II) GaAsSb/GaAs band offset, the 
electrons may also be confined in the GaAs states (recombination occurs by cross-interface 
transitions). In the case of device #B899, the opposite pressure co-efficient of GaAs spacer 
E-minimum (+10.7 meV/kbar) and AIGaAs barrier X-rninimum (-0.8 meV/kbar) causes the 
X-rninima in the AIGaAs layer and E-minimum of GaAs layer move closer to each other with 
increasing pressure and may provide an additional leakage path, as shown by the dash-dash 
line in Figure 7.11(a). On the other hand, in case of device #L0611, the opposite pressure co­
efficient of GaAs spacer E-rninimum (+10.7 meV/kbar) and GaAsP strain compensating 
layer X-rninimum (-1.5 meV/kbar) causes the X-rninima in the GaAsP layer and E-rninimum 
of GaAs layer move closer to each other with increasing pressure and may provide a further 
additional leakage path (in addition to X-minima of AIGaAs layer), as shown by the dash- 
dash line in Figure 7.11(b). Whilst carrier leakage into the GaAs and/or AIGaAs and/or 
GaAsP barrier layers (in device #L0611) offers a possible explanation for the increase of 
with pressure, it is clear that this in itself is insufficient. The lower rate of increase of with
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Figure 7.11: Normalized threshold current as a function of pressure with possible carrier 
leakage path (a) AIGaAs layer in device #B899 (b) GaAsP layer in device #L0611.
increasing pressure compared to the leakage paths may be explained if carrier leakage together 
with a non-radiative process that decreases with pressure (Hke Auger) are both present. In fact 
the initial decrease in threshold current with increasing pressure at room temperature in
CHAPTER 7: EFFICIENCY LIMITATIONS OF 208
GaAsSb/GaAs QUANTUM WELL LASERS
device #B899 is possible evidence of Auger recombination in this device. The higher rate of 
increase in threshold current in device #L0611 (due to less defects in the quantum well) 
compared to device #B899 (as shown in Figure 7.10(b)) may obscure the decrease in 
threshold current with increasing pressure (due to Auger).
Figure 7.12(a) shows the measured pressure dependence of threshold current density at 80 
K. Also shown is the ideal expected variation ofj^^ oc Eg^ . It can be seen that, unlike room 
temperature, at 80 K, threshold current in both devices #B899 and #L0611 increases with 
increasing pressure at a similar rate to indicating that radiative recombination dominates 
at this low temperature. A slight deviation of threshold current from j   ^ az may be due to a 
couple of factors. A weak type-I conduction band alignment with a conduction band offset, 
AEg = 19.0 ± 19.1 meV has been reported at the GaAsgjSboj/GaAs interface of these 
materials [2 2 2 ], as shown in Figure 7.12(b). Pressure co-efficients for the band gap for both 
devices #B899 and #L0611 are measured to be ~7.7 meV/kbar. On the other hand, the well 
known pressure co-efficient of GaAs is 10.7 meV/kbar [79]. Hence, with increasing pressure 
AEj. increases at the rate of 3 meV/kbar and increase the band offset (more type-I hke) at the 
GaAsojSboj/GaAs interface (inset of Figure 7.12(b)), which increases the electron-hole 
overlap. As a result, lower carrier injection is required to achieve the required gain. The 
reduction of threshold carrier density (%) with pressure wül decrease which would cause
deviate from the simple % E! model as described in reference [227]. Furthermore, the 
presence of Auger recombination may also give rise to a lower pressure dependence of 
threshold current, as has been observed previously in reference [79]. A shght deviation of 
threshold current may also be explained in terms of a combined effect of defects and carrier 
leakage as shown in Figure 4.27 in Chapter 4. The fact that, at 80 K  threshold current is a 
sum of defect and radiative current (in the absence of Auger and carrier leakage) and hence 
the threshold current has lower pressure dependence compared to the ideal radiative current. 
It can also be seen that, the change in threshold current with increasing pressure in device
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Figure 7.12: (a) Normalized threshold current as a function of pressure at 120 K. The change 
in threshold current with increasing pressure in device #L0611 follows more closely the ideal 
expected variation of radiative current than that of device #B899.
#L0611 follows more closely the ideal expected variation of radiative current than that of 
device #B899. This is also consistent with less defect related recombination in device 
#L0611 compared to device #B899 due to the use of the GaAs^gPg  ^ strain compensation 
layer in devices #L0611 as described earlier.
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7.4 Influence of device structures on the carrier recombination 
mechanisms of GaAsSb/GaAs quantum well lasers
It has been demonstrated that GaAsSb/ GaAs multi-quantum well structures show 
improved device performance compared to single quantum weU structure [75]. However, a 
better understanding of the influence of device structures on the carrier recombination 
mechanisms of GaAsSb/ GaAs quantum weU lasers is required to further optimize and
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Figure 7.13: Schematic of device #L0611 (IxQW) and device #L0612 (2xQW).
improve the device performance. In this section, we have investigated the recombination and 
loss mechanisms of GaAsSb/GaAs quantum well structures with single and multi-quantum 
well structures. The devices studied in this section were grown using a sohd source molecular 
beam epitaxy growth technique and under similar growth conditions. Device #L0611 has an 
active region containing one GaAsg gPo j/GaAs/GaAsgySbo^/GaAs/GaAsg gPy ^
(8nm/3nm/7nm/3nm/8nm) strain compensated quantum well and device #L0612 has an 
active region containing two quantum wells of the same structure as device #L0611, as 
shown in Figure 7.13. Further details of the device structure can be found in Appendix D.
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The room temperature measurements were carried out on a probe station setup. The light —
current characteristics were measured as a function of laser cavity length. The facet emission
as a function of current was collected using a large area InGaAs detector to determine the
threshold current density and external quantum efficiency. The facet emission was also
collected for a fixed current via an optical fibre and analysed with an ANDO AQ6315A
optical spectrum analyser to investigate the emission spectrum. The devices were measured
as-cleaved under pulsed operation with 500 ns pulsed at a duty cycle of 10 kHz in order to
reduce current heating effects.
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Figure 7.14: Histogram showing the measured threshold current densities of the devices (with 
~L2 mm cavity length) #L0611 and #L0612 at room temperature. The distributions are 
centred around ~330 Acm'^ and ~245 Acm'^ for devices #L0611 and #L0612, respectively.
The value of best measured threshold current density per quantum well of device #L0611 
(device #L0612) is found to be ~229 Acm”“ for a 1.7 mm x 0.032 mm device (~207 Acm^ for 
a 1.5 mm x 0.032 mm device) with a lasing wavelength of ~1236 nm (~1253 nm) at room
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Figure 7.15: Inverse of external quantum efficiency as a function of lasers cavity length gives 
an internal quantum efficiency and internal optical loss of 72±1% (77±1%) and 14±0.5 cm~1^  
(12.8+0.4 cm~1-), respectively for device #B899 (device #L0611).
temperature. The histograms in Figure 7.14 compare the measured threshold current densities 
of the devices (with ~L2 mm cavity length) at room temperature. The threshold current 
densities have been categorised in 5 Acm'^ intervals (231-235 Acm'^, 236-240 Acm^ and so 
on). These data show a spread of values from as low as 236 Acm “ to values approaching 340 
Acm'^. To some extent, this spread may be due to the slight variation of cavity lengths and 
substrate temperatures. However, a trend is clearly visible. Although for the devices with ~L2 
mm cavity length, the lowest measured threshold current density of device #L0611 (device 
#L0612) is found to be ~326 Acm^ (~238 Acm'^ but the distribution of the measured 
threshold current density is centred around mean values of ~330 Acm“ (~245 Acm‘^ ). Hence, 
on average device #L0612 has an improved threshold current density than that of device 
#L0611. The lower threshold current density and longer emission wavelength in device 
#L0612 compared to device #L0611 may be due to the multi-quantum well devices (#L0612) 
providing a lower threshold carrier density (%) and reduced quasi-Fermi level splitting
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compared to the single quantum well devices (#L0611). However, the values of threshold 
current densities in both devices #L0611 and #L0612 are sttU larger than more established 
GaAs-based lasers, which operate at similar wavelengths for which /Q W  ~100 Acm'^ 
[105], which needs to be better understood in order to optimize and improve the device 
performance. Figure 7.15 shows the inverse of differential quantum efficiency (q^ ) against the 
cavity length The internal quantum efficiency (qj and internal optical loss (aj of device 
#L0611 (device #L0612) are determined to be 72±1% (77±1%) and 14+0.5 cm"l (12.8+0.4 
cm"l) respectively using the relations 2.26 (as described in Subsection 2.3.12 of Chapter 2). 
The slightly higher internal quantum efficiency in device #L0612 than that of device #L0611 
is also consistent with the improvement in the material quality in device #L0612. However, 
we note that internal quantum efficiency and internal optical loss in both devices #L0611 
and #L0612 are lower than that of other GaAs-based materials (for which internal quantum 
efficiency and internal optical loss are 83-85% [125] and 10 cm"1 (for devices emitting around 
~ 1.5 pm [226]), respectively). The low internal quantum efficiency and high optical loss in 
both devices #L0611 and #L0612 is consistent with the large threshold current density in 
these devices compared to other GaAs-based lasers, which operate at similar wavelengths for 
which 7th /Q W  ~100 Acm'^ [105]. The natural logarithm of threshold current density against 
the inverse of the cavity length (L^ av) is shown in Figure 7.16. The current density for infinite 
cavity length (J^ o) of device #L0611 (device #L0612) are calculated to be 110±4 Acm^ (102±4 
Acm'^) (the method of calculation is described in Subsection 2.3.14 of Chapter 2). The values 
of current density for infinite cavity length in these devices are similar to other conventional 
material systems [125]. The higher optical loses in both devices #L0611 and #L0612 suggests 
that further improvement in the devices is required.
To gain further understanding of the recombination and loss mechanisms in these devices, 
temperature dependence of threshold current, emission wavelength, differential quantum 
efficiency and pure spontaneous emission were measured. Temperature dependence
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cavity length gives a current density for infinite cavity length of 110+4 Acm ^  (102+4 Acm'^) 
for device #L0611 (device #L0612).
measurements over the range of 60 — 300 K (with 20 K temperature steps) were performed 
using a standard closed-cycle cryostat set-up. At each temperature, both facet emission and 
spontaneous emission of the laser devices as a function of apphed current were measured to 
quantify the threshold current and its radiative and non-radiative components. For these 
cryostat measurements the collection of the facet emission is fibre coupled and the detector 
consists of a Peltier-cooled ANDO AQ2140 InGaAs optical power meter. The spontaneous 
emission was collected from the drilled window in the laser substrate using an optical fibre 
and is analyzed with a Peltier-cooled ANDO AQ2140 InGaAs detector.
The natural logarithm of measured threshold current density and external quantum 
efficiency as a function of temperature for both devices #L0611 and #L0612 is shown in 
Figure 7.17. It can be seen that T„ on device #L0611 (#L0612) to be ~112 K (~118 K) at 
200 K, which drops to ~ 66  K (—73 K) at room temperature. Tq (at room temperature) in 
these devices is approximately the same as that of conventional InGaAsP/InP devices
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Figure 7.17; The natural logarithm of measured threshold current and external quantum 
efficiency as a function of temperature for both devices #L0611 and #L0612 suggests that 
performance these devices may be Limited by the similar loss process mechanisms.
(typically ~50-60 K near room temperature [214]). Figure 7.17 also shows that T^  on device 
#L0611 (#L0612) to be ~406 K (—478 K) at 200 K, which drops to —126 K (—151 K) at 
room temperature. Indeed, when compared with other devices operating at similar 
wavelengths [129] (for which Tj —1000 K around room temperature), T^  is significantly lower 
in these devices. The lower T^  is an indication of thermally activated recombination processes 
occurring in these lasers at higher temperatures. The results in Figure 7.17 also suggest that 
performance of both devices #L0611 and #L0612 may be limited by similar loss 
mechanisms. However, Tq (TJ in device #L0612 of —73 K (—151 K) is higher than that for 
device #L0611 of —66 K (—126 K) over a temperature range of 200-300 K, which is 
consistent with the reduced threshold current density of device #L0612 than that of device 
#L0611.
Figure 7.18 shows the integrated spontaneous emission (L I versus current at 60 K and 
280 K for both devices #L0611 and #L0612. The two curves have been normalized to the
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Figure 7.18: The integrated spontaneous emission (L J  versus current at 60 K and 280 K for 
both devices #L0611 (left figure) and #L0612 (right figure). The sub-Hnear behavior of the 
L versus current curve at higher temperature suggests that a non-radiative process is 
present in these devices and that the process has a stronger dependence on the carrier density 
than radiative current.
value of Ljp„„ at threshold (=LpJ, so that the sub threshold shape of both curves can be easily 
compared and contrasted. The linear behavior of the L versus current curve near threshold 
(in both devices #L0611 and #L0612) at 60 K suggests that the primary current path flowing 
through the lasers may be associated with radiative recombination. The super-hnearity of the 
curve down to the lowest currents (in both devices #L0611 and #L0612) suggests that some 
defect related recombination may be present in these materials. On the other hand, the sub- 
Hnear behavior of the L versus current curve at 280K (in both devices #L0611 and 
#L0612) suggests that a non-radiative process is present and that the process has a stronger 
dependence on the carrier density than radiative current. We note that a lack of complete 
pinning of spontaneous emission above threshold is observed in both devices #L0611 and 
#L0612 (in Figure 7.18) is a signature of inhomogeneities as described in Subsection 4.3.2 of 
Chapter 4. It can also be seen that pinning becomes more apparent at 280 K than that of 60 
K. This may be due to the reduction in carrier locaHzation (through higher thermal energy of 
the carriers), indicating there may be inhomogeneities in the active region in these devices.
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Figure 7.19: The normalized threshold current density and corresponding radiative 
component as a function of temperature shows the comparison of carrier recombination 
mechanisms between the devices #L0611 and #L0612.
Figure 7.19 shows the normalized (at T=60 K) temperature dependence of the threshold 
current density and its radiative component which is extracted from the pinning
level of the measured integrated spontaneous emission at laser threshold. Here is 
determined by assuming that (a) is proportional to the integrated spontaneous emission 
rate at laser threshold and (b) that non-radiative recombination is neghgible at the lowest 
temperature. therefore provides a measure of the maximum radiative component of as 
a function of temperature. From the measured and for device #L0612 we estimate that 
the relative ratio of the radiative and non-radiative currents at threshold are ~33% and 
~67%, respectively, at room temperature, compared with —27% and —73% for devices 
#L0611 at room temperature. Thus, a non-radiative recombination process dominates the 
threshold current density at room temperature. It can also be seen that in addition to having a 
lower absolute threshold current density, device #L0612 has a lower J^onrad/J* dian in device 
#L0611. The multi-quantum weU laser (device #L0612) has a higher optical confinement 
factor and higher differential gain at threshold (because the gain versus carrier density is a
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logarithmic function in a quantum well [85]) compared to a single quantum well device 
(device #L0611). As a result, device #L0612 has a reduced threshold carrier density (n^. 
Since the non-radiative (carrier leakage, Auger etc.) mechanisms are strongly dependent on 
carrier density, hence the non-radiative mechanisms in device #L0611 are higher compared to 
device #L0612. The reduction of threshold carrier density in the multi-quantum well device 
win also improve the characteristic temperature of the device (as observed in Figure 7.17).
A hydrostatic pressure dependence measurement is undertaken to further investigate the 
origin of loss mechanisms in these devices. Pressure dependence of loss mechanisms are 
discussed in previous section (Section 7.3). Figure 7.20(a) shows the calculated pressure 
coefficient for band gap. The pressure coefficient for the band gap of device #L0611 (device 
#L0612) is found to be 7.7+0.1 meV/kbar (7.7+0.1 meV/kbar) at room temperature. Figure 
7.20(b) shows the measured pressure dependence of threshold current density at room 
temperature. Also shown is the ideal expected variation of oc Eg^ . It can be clearly seen 
that at room temperature the threshold current increases with pressure much faster than 
(in both devices #L0611 and #L0612), which conficms that the lasers are not operating in a 
radiatively dominated regime and suggesting the presence of carrier leakage mechanisms in 
these devices. The threshold current of device #L0611 (device #L0612) increased by —64% 
(—52%) up to 7 kbar at room temperature. The higher rate of increase in threshold current in 
device #L0611 compared to device #L0612 is consistent with the increase in non-radiative 
recombination in single quantum well devices (device #L0611) compared to multi-quantum 
well devices (#L0612). Although carrier leakage is the dominant recombination mechanism at 
room temperature in these devices our experimental data (for both devices #L0611 and 
#L0612) does not fit with the carrier leakage in GaAsP and AIGaAs layers, as shown in 
Figure 7.20(b) (detailed theoretical calculation of carrier leakage in the barrier regions in these 
devices is described in previous section (Section 7.3)). Whilst carrier leakage into the GaAs 
and/or GaAsP and/or AIGaAs layers offers a possible explanation for the increase of with
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Figure 7.20: (a) Lasing wavelength at 1.1 as a function of applied pressure shows that both 
devices #L0611 and #L0612 have similar pressure co-efficient of ~7.7 meV/kbar. (b) 
Normalized threshold current as a function of pressure shows a fastest relative increase in 
threshold current density in device #L0611 compared to device #L0612.
pressure, it is clear that this in itself is insufficient. The lower rate of increase of with 
increasing pressure compared to the leakage paths may be explained if carrier leakage together 
with a non-radiative process that decreases with pressure (Hke Auger) are both
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Figure 7.21: Normalized threshold current as a function of pressure at 80K. The threshold 
current in both devices #L0611 and #L0612 increases with increasing pressure at the similar 
rate to
present. The lower rate of increase of with increasing pressure compared to the leakage 
paths may also be explained in terms of a combined effect of defects and carrier leakage as 
shown in Figure 4.27 in Chapter 4.
Figure 7.21 shows the measured pressure dependence of threshold current density at 80 
K. Also shown is the ideal expected variation of oc E^. It can be seen that, unlike room 
temperature, at 80 K, threshold current in both devices #L0611 and #L0612 increases with 
increasing pressure at the similar rate to indicating that radiative recombination dominates 
at this low temperature. The fact that, at 80 K, the thermal distribution of the carriers is lower 
compared with room temperature making leakage much less hkely. Moreover, at low 
temperature the band gap of the material is higher and hence decreases the possibihty of non- 
radiative Auger process. A shght deviation of threshold current from j   ^ x may be due to 
a couple of factors, which is described previously in Figure 7.12.
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7.5 Influence of growth conditions on the recombination and loss 
mechanisms of GaAsSb/GaAs quantum well lasers
A high lattice mismatch of 7.8% between GaAs and GaSb [137], and a miscibihty gap for 
GaAsj.^ ^Sb,^  alloy between x=0.25-0.7 [228] are the main difficulties in growing high-quality 
GaAs^_,^Sbx/GaAs QW active material, which is one of the major challenges to make this 
material system commercially viable [229, 230]. GaAs^_,^Sb,;/GaAs QWs are highly strained 
(~2.7%) at the composition (x=~0.3) necessary for ~1.3 pm emission. A miscibihty gap and 
Sb segregation due to the built-in mechanical strain may cause spatial non-uniformity in the 
Sb alloy in the GaAspySbo j layer grown on GaAs, which can reduce the quantum efficiency 
and increase inhomogeneous Hnewidth broadening. Moreover, Sb segregation is growth 
temperature dependent and becomes more significant at high growth temperatures [80, 231]. 
On the other hand, due to the miscibihty gap it is very hard to incorporate a significant 
amount (for ~1.3 pm emission) of Sb into the GaAs^ _,^ Sb,^  alloy at low temperature [232]. For 
these reasons, optimization of growth temperature is required to grow high-quahty 
GaAsj.^^Sb,,/GaAs QW active material. The temperature dependence of Sb segregation effects 
[233-235], optimization of growth temperature [229, 231], and carrier recombination 
mechanisms in GaAs^_,,Sb,;/GaAs QW lasers [79, 221] have been reported. However, httle, if 
any, research has been undertaken to investigate the role of the growth temperatures on the 
physical properties of GaAs .^^^Sb, /^GaAs QW lasers. The aim of this section is to consider the 
processes that hmit the performance of GaAs^_,^Sb, /^GaAs QW lasers grown at different 
growth temperatures, to aid in the design and optimization of GaAsSb/GaAs-based edge- 
emitting lasers and VCSELs.
The devices in this study were grown using sohd source MBE under similar growth 
conditions. They consist of a triple GaAsQ^Pg^/GaAs/GaAsgySboj/GaAs/GaAsq gPg ^  
(9nm/5nm/7nm/5nm/9nm) strain compensated quantum weU active region grown at 495 °C
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(device #B770) and 490 "C (device #B773), as shown in Figure 7.22. The details of the device 
structure can be found in Appendix D. The room temperature measurements were carried 
out on a probe station setup. The facet emission as a function of current was collected using a 
large area InGaAs detector to determine the threshold current density and external quantum 
efficiency. The facet emission was also collected for a fixed current via an 
optical fibre and is analysed with an ANDO AQ6315A optical spectrum analyser to 
investigate the emission spectrum. For a fair comparison purpose, device #B770 and #B773 
were measured in the same experimental setup and under the similar measurement conditions 
(substrate temperature, pulse width and frequency). Device #B770 was measured by K. Kdd 
et. al. and reported in [79, 221]. The devices were measured as-cleaved under pulsed operation 
with 500 ns pulses at a duty cycle of 10 kHz in order to reduce current heating effects.
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Figure 7.22: Schematic of device #L0611 (IxQW) and device #L0612 (2xQW).
The emission wavelengths (at room temperature) of devices #B770 and #B773 are found 
to be very similar at —1.27 pm and —1.26 pm, respectively. However, the value of best 
measured threshold current density per quantum well (for a 1.2 mm x 0.032 mm device) of
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device #B773 is —138 Acm'“ at room temperature, which is significantly lower than the best 
measured threshold current density per quantum well (for a 1.1 mm x 0.032 mm device) of 
device #B770 (—533 Acm'^). The histogram in Figure 7.23 shows the measured threshold 
current densities of device #B773 with —1.2 mm cavity length at room temperature. The 
threshold current densities have been categorised in 5 Acm^ intervals (141-145 Acm’“, 146- 
150 Acm"  ^and so on). These data show a spread of values from as low as 136 Acm'^ to values 
approaching 155 Acm^ .^ To some extent, this spread may be due to shght variation of cavity 
lengths and substrate temperatures. However, a trend is clearly visible. Although the lowest 
measured threshold current density of device #B773 with —1.2 mm cavity length is found to 
be — 138 Acm’^  but the distribution of the measured threshold current density is centred 
around — 150 Acm'^. Hence, device #B773 has stih significantly improved threshold current 
density per quantum weU than that of device #B770. The lower threshold current density in
Threshold current density (Acm'^/QW)
Figure 7.23: Histogram showing the measured threshold current densities of the devices 
#B773 at room temperature. The distributions are centred around —150 Acm^.
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Figure 7.24: Inverse of external quantum efficiency as a function of lasers cavity length gives 
an internal quantum efficiency and internal optical loss of 76±1% and 12+0.3 cm“  ^ for 
device #B773.
device #B773 compared to device #B770 may suggest that device #B773 may have grown 
close to the optimum growth temperature. However, the values of threshold current densities 
in both devices #B770 and #B773 are stfU larger than more established GaAs-based lasers, 
which operate at similar wavelengths for which /Q W  ~100 Acm’^  [105], which needs to be 
better understood in order to optimize and improve the device performance. Figure 7.24 
shows the inverse of differential quantum efficiency (qj against the cavity length The
internal quantum efficiency (r\^  and internal optical loss (aj of device #B773 are calculated as 
76+1% and 12±0.3 cm"^ respectively using the relations 2.26 (as described in Subsection 
2.3.12 of Chapter 2). We could not compare the values of these parameters of device #B773 
with device #B770 due to the unavailabihty of data for device #B770. However, the higher 
(lower) internal quantum efficiency (optical loss) in device #B770 than that of devices #B899, 
#L0611 and #L0612 (as reported in Section 7.3 and 7.4) is also consistent with the 
improvement in the material quality in device #B773 compared to devices #B899, #L0611
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Figure 7.25: The natural logaritEm of threshold current density against the inverse of the 
cavity length gives a current density for infinite cavity length of 91+2 Acm'^ for device 
#B773.
and #L0612. We note that the internal quantum efficiency is lower and internal optical loss is 
higher in device #B773 than that of other GaAs-based materials (for which internal quantum 
efficiency and internal optical loss are 83-85% [125] and 10 cm“  ^ [226], respectively). The low 
internal quantum efficiency and high optical loss in device #B773 is consistent with the large 
threshold current density in these devices compared to other GaAs-based lasers, which 
operate at similar wavelengths for which / QW ~100 Acm'^ [105]. The natural logarithm of 
threshold current density against the inverse of the cavity length (L^ J^ is shown in Figure 7.25. 
The current density for infinite cavity length (J )^ of device #B773 is calculated to be 91 ±2 
Acm  ^ (the method of calculation is described in Subsection 2.3.14 of Chapter 2). The values 
of current density for infinite cavity length in these devices are similar to other GaAs-based 
material system [125]. The higher optical loses in both devices #B773 suggests that further 
improvement in the devices is required.
To gain further understanding of the recombination and loss mechanisms in these devices, 
the temperature dependence of threshold current, emission wavelength, differential quantum
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efficiency and pure spontaneous emission are measured. Temperature dependence 
measurements over the range of 60 — 300 K (with 20 K temperature steps) were performed 
by using a standard closed-cycle cryostat set-up. At each temperature, both facet emission and 
spontaneous emission of the laser devices as a function of applied current were measured to 
quantify the threshold current and its radiative and non-radiative components. For these 
cryostat measurements the collection of the facet emission is fibre coupled and the detector 
consists of a Peltier-cooled ANDO AQ2140 InGaAs optical power meter. The spontaneous 
emission was collected from the drilled window at laser substrate using an optical fibre and is 
analyzed with a Peltier-cooled ANDO AQ2140 InGaAs optical power meter.
The natural logarithm of measured threshold current density and external quantum 
efficiency as a function of temperature for both devices #B770 and #B773 are shown in
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Figure 7.26. It can be seen that Tq of device #B770 (#B773) to be ~77 K (~230 K) at 200 K, 
which drops to ~ 51 K (~62 K) at room temperature. Tq (at room temperature) in these 
devices approximately the same as that of conventional InGaAsP/InP devices (typically ~50- 
60 K near room temperature [214]). Figure 7.26 also shows that Tj on device #B770 (#B773) 
to be ~508 K (~636 K) at 200 K, which drops to ~104 K  (~138 K) at room temperature. 
Indeed, when compared with other devices operating at similar wavelengths [129] (for which 
Tj ~1000 K  around room temperature), T  ^ is significantly lower in these devices. The lower 
Tj is an indication of thermally activated loss processes occurring in these lasers at higher 
temperatures. The results in Figure 7.26 suggest that performance of both devices #B770 and 
#B773 may be limited by the similar loss mechanisms. However, Tq (T^ ) in device #B773 of 
~62 K (~138 K) is higher than that for device #B770 of ~51 K (~104 K) over a temperature 
range of 200-300 K, which is consistent with the reduced threshold current density of device 
#B773 than that of device #B770.
Figure 7.27 shows the integrated spontaneous emission (L^ p^ J versus current at 60 K  and 
280 K for device #B773. The two curves have been normalized to the value of L^ p^  ^ at 
threshold (=Lp^, so that the sub threshold shape of both curves can be easily compared and 
contrasted. The linear behavior of the L^ p^ ,^  versus current curve at 60 K suggests that the 
primary current path flowing through the lasers may be associated with radiative 
recombination. On the other hand, the sub-linear behaviour of the L^ p^ ,, versus current curve 
at 280K suggests that a non-radiative process is present and that the process has a stronger 
dependence on the carrier density than radiative current. We note that, a lack of complete 
pinning of spontaneous emission above threshold is observed in device #B773 (in Figure 
7.27) is a signature of inhomogeneities as described in Subsection 4.3.2 of Chapter 4. It can 
also be seen that pinning becomes more apparent at 280 K than that of 60 K. This may be 
due to the reduction in carrier localization (through higher thermal energy of the carriers), 
indicating there may inhomogeneities in the active region in these devices.
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Figure 7.27; The integrated spontaneous emission (L J  versus current at 60 K and 280 K for 
device #B773. The sub-linear behavior of the L versus current curve at higher temperature 
suggests that a non-radiative process is present in these devices and that the process has a 
stronger dependence on the carrier density than radiative current.
Figure 7.28 shows the normalized (at T=60 K) temperature dependence of the threshold 
current density (j^J and its radiative component (Jrad)> which is extracted from the pinning 
level of the measured integrated spontaneous emission at lasers threshold. Here is 
determined by assuming that (a) is proportional to the integrated spontaneous emission 
rate at laser threshold and (b) that non-radiative recombination is negligible at the lowest 
temperature. therefore provides a measure of the maximum radiative component of as 
a function of temperature. From the measured and for device #B773 we estimate that 
the relative ratio of the radiative and non-radiative currents at threshold current density are 
~24% and ~76%, respectively, at room temperature, compared with ~7% and ~93% for 
devices #B770 at room temperature. Thus, a non-radiative recombination process dominates 
the threshold current density at room temperature. It can also be seen that in addition to 
having a lower absolute threshold current density, device #B773 has a lower Jnonmd/Jth ^  
device #B770. Antimony segregation effects are known to be growth temperature dependent 
and have been observed to cause lower photoluminescence intensity and a larger fuU-width at
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Figure 7.28: The normalized threshold current density and corresponding radiative 
component as a function of temperature shows the comparison of carrier recombination 
mechanisms between the devices #B770 and #B773.
half maximum [80, 231]. This may introduce defects at the GaAsSb active region and GaAs 
spacer interface forming a thermally activated loss mechanism as more energetic carriers 
increasingly recombine via the defect states. It follows that the lower growth temperature of 
device #B773 may reduce Sb segregation and the associated defect density and consequendy 
reduces the thermally activated non-radiative processes, thereby reducing for device 
#B773. However, we note that while the growth temperature of GaAsSb QWs offers a 
possible explanation of the reduced of device B, this in itself is insufficient. Others factors, 
such as device processing may also have affected the performance of these devices, which 
remains the subject of further investigation.
A hydrostatic pressure dependent measurement is undertaken to further investigate the 
origin of loss mechanisms in these devices. Pressure dependence of loss mechanisms is 
discussed in a previous section (Section 7.3) The pressure coefficient for the band gap of
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Figure 7.29: Normalized threshold current as a function of pressure shows a fastest relative 
increase in threshold current density in device #B773 compared to device #B770.
device #L0611 (device #L0612) is found to be 7.7±0.1 meV/kbar (7.7+0.1 meV/kbar) at 
room temperature. Figure 7.29 shows the measured pressure dependence of threshold current 
density at room temperature. Also shown is the ideal expected variation of oc Eg“. It can 
be clearly seen that at room temperature the threshold current increases with pressure much 
faster than (in both devices #B770 and #B773), which confirms that the lasers are not 
operating in a radiatively dominated regime and suggesting the presence of carrier leakage 
mechanisms in these devices. The threshold current of device #B770 (device #B773) 
increased by —27% (—44%) up to 7 kbar at room temperature. The lower rate of increase in 
threshold current with pressure in device #B770 compared to device #B773 may be due to 
the higher growth temperamre of device #B770, which increases Sb segregation and thus the 
concentration of defects. The fact that threshold current for device #B770 has a stronger 
temperature dependence, but weaker pressure dependence indicates that the defect levels are 
shallow and therefore not pressure dependent. Although carrier leakage is the dominant 
recombination mechanism at room temperature in these devices our experimental data (for
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Figure 7.30; Normalized threshold current as a function of pressure at 120 K. The threshold 
current in both devices #B770 and #B773 increases with increasing pressure at the similar 
rate toj^^.
both devices #L0611 and #L0612) does not fit with the carrier leakage in GaAsP barrier 
layer, as shown in Figure 7.29 (details theoretical calculation of carrier leakage in the barrier 
regions in these devices is described in previous section (Section 7.3)). Whilst carrier leakage 
into the GaAs and/or GaAsP barrier layers offers a possible explanation for the increase of 
with pressure, it is clear that this in itself is insufficient. The lower rate of increase of with 
pressure dependence compared to the leakage paths may be explained if carrier leakage 
together with a non-radiative process that decreases with pressure (Hke Auger) are both 
present.
Figure 7.30 shows the measured pressure dependence of threshold current density at 80 
K. Also shown is the ideal expected variation of oc E^ .^ It can be seen that, unlike room 
temperature, at 80 K, threshold current in both devices #B770 and #B773 increases with 
increasing pressure at a similar rate to indicating that radiative recombination dominates 
at this low temperature. The fact that, at 80 K, the thermal distribution of the carriers is lower 
compared with room temperature making leakage much less likely. Moreover, at low
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temperature the band gap of the material increases and hence decreases the possibility of non- 
radiative Auger process. A slight deviation of threshold current from  ^ az El be due to 
a couple of factors, which are described previously in Figure 7.12.
7.6 Chapter summary
In this chapter, we have investigated the GaAsSb/GaAs quantum weU lasers to correlate 
the device growth temperature and device structure with the carrier recombination 
mechanisms to aid in the design and optimization of GaAsSb/GaAs-based edge-emitting 
lasers and VCSELs. In Section 7.3, physical properties of GaAsSb/GaAs single quantum well 
lasers with (device #L0611) and without (device #B899) strain compensating layers are 
investigated. The emission wavelength of device #B899 and #L0611 is measured to be 
~1239 nm and ~1236 nm, respectively. The distribution of the measured threshold current 
density of device #B899 and #L0611 is centred around ~380 Acm'^ (~330 Acm'^). Hence, 
device #L0611 has an improved threshold current density than that of device #B899, 
suggesting that the incorporation of strain compensating layers may has improved the 
material quality in device #L0611 compared to device #B899. Tg on device #B899 (#L0611) 
calculated to be ~ 88  K  (~ 112 K) at 200 K, which drops to ~ 51 K  (~ 66  K) at room 
temperature. Similarly, T^  on device #B899 (#L0611) calculated to be ~ 371 K  (~ 406 K) at 
200 K, which drops to ~ 88  K  (~ 126 K) at room temperature. The rapid drop of Tg and T^  
suggests that thermally activated loss processes occurring in these lasers at higher 
temperatures. From the measured threshold current density and corresponding radiative 
component for device #L0611 we estimate that the relative ratio of the radiative and 
non-radiative currents at threshold current density are ~27% and ~73%, respectively, at room 
temperature, compared with ~16% and ~84% for devices #B899 at room temperature. 
Hence, in addition to having a lower absolute threshold current density, device #L0611 has a 
lower Jnonad/Jth th^,n in device #B899. This may be due to the use of GaAsggPg  ^ strain
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compensation layer in device #L0611 to improve the interface quality by reducing interface 
imperfection. The interface imperfection in device #B899 may introduce defects at the 
GaAsSb active region and GaAs spacer interface forming a thermally activated loss 
mechanism as more energetic carriers increasingly recombine via the defect states. It follows 
that the incorporation of the GaAsg gPo.i strain compensation layers in device #L0611 reduces 
interface imperfection and the associated defect density and consequently reduces the 
thermally activated non-radiative processes, thereby reducing the threshold current density 
for device #L0611. The pressure dependence of threshold current shows that threshold 
current of device #B899 (device #L0611) increased by ~36% (~64%) up to 7 kbar at room 
temperature. The higher rate of increase in threshold current in device #L0611 compared to 
device #B899 may be due to the use of GaAsggPo.i strain compensation layer in devices 
#L0611 decreases the concentration of defects. The fact that threshold current for device 
#L0611 has a stronger temperature dependence, but weaker pressure dependence indicates 
that the defect levels are shallow and therefore not pressure dependent.
In Section 7.4, recombination and loss mechanisms of GaAsSb/GaAs single quantum 
well (device #L0611) and double quantum well (device #L0612) lasers grown under similar 
growth conditions are investigated. The emission wavelength of device #L0611 and #L0612 
is measured to be ~1236 nm and ~1253 nm, respectively. The distribution of the measured 
threshold current density of device #L0611 and #L0612 is centred around ~330 Acm’^  (~245 
Acm'^). The lower threshold current density and longer emission wavelength in device 
#L0612 compared to device #L0611 may be due to the multi-quantum well devices (#L0612) 
providing a lower threshold carrier density (n^ and reduced quasi-Fermi level splitting 
compared to the single quantum well devices (#L0611). Tg on device #L0611 (#L0612) 
calculated to be ~ 112 K (~ 118 K) at 200 K, which drops to ~ 66  K  (~ 73 K) at room 
temperature. Similarly, T^  on device #L0611 (#L0612) calculated to be ~ 406 K  (~ 478 K) at 
200 K, which drops to ~ 126 K (~ 151 K) at room temperature. From the measured and
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for device #L0612 we estimate that the relative ratio of the radiative and non-radiative 
currents at threshold current density are ~33% and ~67%, respectively, at room temperature, 
compared with ~27% and ~73% for devices #L0611 at room temperature. Hence, in 
addition to having a lower absolute threshold current density, device #L0612 has a lower 
Jnonrad/Jth than til device #L0611. A single quantum weU laser (device #L0611) has lower 
optical confinement factor and lower differential gain at threshold compared to a multi- 
quantum weU device (device #L0612). As a result, device #L0612 has a reduced threshold 
carrier density (n^. Since the non-radiative (earner leakage. Auger etc.) mechanisms are 
strongly dependent on carrier density, hence the non-radiative mechanisms in device #L0611 
are higher compared to device #L0612. Pressure dependence of threshold current shows that 
threshold current of device #L0611 (device #L0612) increased by ~64% (~52%) up to 7 
kbar at room temperature. The higher rate of increase in threshold current in device #L0611 
compared to device #L0612 is consistent with the increase in non-radiative recombination in 
single quantum weU devices (device #L0611) compared to multi-quantum well devices 
(#L0612).
In Section 7.5, physical properties of GaAsSb/GaAs triple quantum well lasers grown at 
495 °C (device #B770) and 490 (device #B773) are investigated. Both devices #B770 and 
#B773 have exactly same device structure. The emission wavelengths (at room temperature) 
of device #B770 and #B773 are found to be very similar at ~1.27 pm and ~1.26 pm, 
respectively. However, the value of best measured threshold current density per quantum well 
(for a 1.2 mm x 0.032 mm device) of device #B773 is ~138 Acm'^ at room temperature, 
which is significantly lower than the best measured threshold current density per quantum 
weU (for a 1.1 mm x 0.032 mm device) of device #B770 (~533 Acm'^). The lower threshold 
current density in device #B773 compared to device #B770 may suggest that device #B773 
may have grown close to the optimum growth temperature. Tg on device #B770 (#B773) 
calculated to be ~ 77 K (~ 230 K) at 200 K, which drops to ~ 51 K  (~ 62 K) at room
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temperature. Similarly, T^  on device #L0611 (#L0612) calculated to be ~ 508 K  (~ 636 K) at 
200 K, which drops to ~ 104 K (~ 138 K) at room temperature. From the measured and
for device #B773 we estimate that the relative ratio of the radiative and non-radiative 
currents at threshold current density are ~24% and ~75%, respectively, at room temperature, 
compared with ~7% and ~93% for devices #B770 at room temperature. Hence, in addition 
to having a lower absolute threshold current density, device #B773 has a lower Jnonrad/Jth than 
in device #B770. Antimony segregation effects are known to be growth temperature 
dependent and have been observed to cause lower photoluminescence intensity and a larger 
fuU-width at half maximum [80, 231]. This may introduce defects at the GaAsSb active region 
and GaAs spacer interface forming a thermally activated loss mechanism as more energetic 
carriers increasingly recombine via the defect states. It follows that the lower growth 
temperature of device #B773 reduces Sb segregation and the associated defect density and 
consequently reduces the thermally activated non-radiative processes, thereby reducing for 
device #B773. However, we note that while growth temperature of GaAsSb QWs offers a 
possible explanation of the reduced of device B, this in itself is insufficient. Others factors, 
such as device processing may also has affected the performance of these devices, which 
remains the subject of further investigation. Pressure dependence of threshold current shows 
that threshold current of device #B770 (device #B773) increased by ~27% (~44%) up to 7 
kbar at room temperature. The lower rate of increase in threshold current with pressure in 
device #B770 compared to device #B773 may be due to the higher growth temperature of 
device #B770, which increases Sb segregation and thus the concentration of defects. The fact 
that threshold current for device #B770 has a stronger temperature dependence, but weaker 
pressure dependence indicates that the defect levels are shallow and therefore not pressure 
dependent.
Hence we conclude that, incorporation of strain compensating layers improved the 
radiative recombination from ~16% to ~27% and therefore an improvement in the threshold
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current density from ~253 Acm'^ to ~229 Acm'^ and characteristic temperature from 51 K to 
66  K at room temperature. Again, a double quantum well structure further improved the 
radiative recombination from ~27% to ~33% and therefore an improvement in the threshold 
current density from ~229 Acm'^/QW to ~207 Acm‘^ /QW and charactenstic temperature 
from 66  K  to 73 K at room temperature. On the other hand, an optimization of device 
growth condition has improved the radiative recombination of a three quantum well device 
from ~7% to ~24% and therefore an improvement in the threshold current density from 
~533 Acm'^/QW to ~229 Acm'^/QW and characteristic temperature from 51 K  to 62 K at 
room temperature. However, the performance of the aU devices #B899, #L0611, #L0612, 
#B770 and #B773 are stdH limited by carrier leakage mechanisms. Optimization of 1.3pm 
GaAs^.^jSb,^/GaAs quantum well lasers will rely upon reducing the non-radiative defect. Auger 
recombination and earner leakage mechanism by careful optimization of device design and 
growth conditions.
Chapter 8
Conclusions and future work
In this work, we have investigated the material properties and device characteristics of 
novel laser materials suitable for optical computing and communications applications.
In Chapter 4, for the first time, lasing operation at room temperature has been observed in 
novel dilute nitride Ga(NAsP)/GaP quantum weU lasers. The devices show a significant 
improvement in the threshold current density of ~ 4 kAcm’^  and characteristic temperatures, 
Tg (TJ of ~ 58 K (~ 37 K) at room temperature compared to the previously reported similar 
devices. However, the lower internal quantum efficiency of 53% as weU as higher optical loss 
of 33+4 cm'  ^and current density for infinite cavity length of 3.2 ±0.2 kAcm'^ in these devices 
compared to other GaAs-based devices suggests that further improvement in the devices is 
requited. The Tg (TJ in the devices is ~ 104 K  (~ 99 IQ at 200 K, decreasing to ~ 58 K  (~37 
K) near the room temperature. A rapid drop of Tg (PJ at higher temperature is consistent 
with the optical or recombination loss. From the measured threshold current density and 
corresponding radiative component, we estimate that the non-radiative contribution accounts 
for at least ~92% of threshold current density near the room temperature. Temperature 
dependence of the ‘‘Z” analysis shows that Z^ increases from 2.2 at 60 K to 3.5 at 290 K. 
The value of Z^ > 2 at low temperatures signifies that the monomolecular current
237
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contribution at threshold in these devices is less significant compared with other GaAs-based 
dilute nitride lasers. The value of > 3 at higher temperatures suggests the presence of 
carrier leakage path in these devices. The rapid increase in threshold current density with 
increasing pressure confirms the presence of carrier leakage mechanisms in these devices. 
However, the calculated pressure coefficient of leakage level suggests that GaP barrier layers 
are not carrier leakage path in Ga(NAsP)/GaP quantum well lasers. Despite the fact that a 
strong increase in threshold current with increasing pressure is observed this may indicate 
that the leakage path involves states with weaker pressure dependence, such as localized 
defect states in these devices. The differential efficiency drops at a higher rate with increasing 
pressure at higher temperature suggesting significant increase in optical losses in the devices 
at higher temperatures. Hence, we assume that carrier leakage due to the localized defect 
states dominates the recombination process up to 220K, whereas optical losses in 
conjunction with carrier leakage dominate the recombination process near room temperature. 
It is also observed that higher barrier growth temperature causes an increase in nitrogen 
incorporation in the active region and reduces the localized defect states and the associated 
leakage path. This leads to a longer emission wavelength from ~949 nm to ~971 nm and 
lower threshold current density from ~5.5 kAcm'^ down to ~ 2 .6  kAcm’^ .
In Chapter 5, the optical properties and potential of (BGa)P alloys are investigated for the 
lattice-matched integration of novel Ga(NAsP) active material on a silicon substrate. Detailed 
experimental and theoretical studies were undertaken to reveal the dependence of the direct 
and indirect band gaps for strained B^ G^a^ .^ P^ layers grown on silicon as a function of boron 
composition. From these, the properties of free-standing B^ G^a^ .^ P^ are also determined. Both 
direct and indirect band gaps of B^ G^a^ .^ P^ alloy (strained and unstrained) decrease with boron 
composition. For boron fractions up to 6% the bowing parameter for the lowest (indirect) 
band gap is found to be -6.2±0.2 eV. It is found that by varying the boron composition in 
B^ ^Gaj.^ jP alloys grown on silicon one can tune the lattice mismatch between it and the silicon
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substrate at different growth temperatures. The direct (indirect) band gap of GaP alloys 
decrease from 2.74 eV (2.2 eV) to 2.4 eV (1.8 eV) at room temperature, respectively for the 
incorporation of boron (into GaP) content of ~ 6%, which is significantly larger than the 
Ga(NAsP) direct band gap (1.3 eV at room temperature). Hence the B^ G^a^ ^^ P^ alloys show 
potential as a cladding, contact and strain compensating layers for the future integration of 
Ga(NAsP) active material on sibcon substrate. A Ga(NAsP) multi quantum well structure is 
monoHthicaUy integrated on an exact (001) silicon substrate using a (BGa)P strain 
compensating layer. The high crystalline quality of a Ga(NAsP)/(BGa)P/Si multi quantum 
well heterostructure (annealed at 850 °C) is demonstrated from the XRD pattern analysis and 
AFM imaging. This suggests that B^ G^aj.^ P^ alloy ensures charge neutrality along the III/V- 
süicon interface and avoids unwanted cross-doping caused by atom diffusion into the 
respective heterolayers or the formation of anti-phase domains. Promising optical material 
quality of Ga(NAsP)/ (BGa)P/Si multi quantum well heterostructure has been realized from 
photoluminescence measurements, which is a positive step towards a commercial solution for 
the monolithic integration of long term stable laser diodes on silicon substrates.
In Chapter 6 , for the first time, electrical injection lasing operation has been observed in 
novel dilute nitride Ga(NAsP)/(BGa)P quantum well lasers lattice-matched monoHthicaUy 
integrated on an exact (001) siHcon substrate. The devices show a threshold current density 
of ~ 1.6 kAcm'^ with an emission wavelength of ~ 861 nm at 165 K. The Tg (TJ in the 
devices is ~ 198 K  (~ 99 K) at 100 K, decreasing to ~ 73 K (~ 35 K) at 165 K. A rapid drop 
of Tg (PJ with increasing temperature is consistent with the recombination loss. Temperature 
dependence of the ‘"Z” analysis shows that Z^ increases from 1.7 at 40 K to 2.3 at 165 K. 
The value of Z^ < 2 at low temperatures signifies that the monomolecular current 
contribution at threshold in these devices is significant Hke other GaAs-based dUute nitride 
lasers. It may also imply that the increase in the defect-related recombination in these devices 
leads to the significant performance degradation compared with the Ga(NAsP) quantum weU
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lasers grown on GaP substrate. It is found that the monomolecular current is contributing to 
at least ~ 61% (~ 40%) of total threshold current at 40 K  (165 K). On the other hand, carrier 
leakage is contributing to at least ~ 0 % (~ 43%) of total threshold current at 40 K  (165 K). 
We estimate that the non-radiative contribution accounts for ~ 83% of threshold current 
density even at low temperature of 165 K. Hence, non-radiative processes dominate the 
carrier recombination mechanisms in these devices and gives rise to the stronger temperature 
dependence of threshold current density. The rapid increase in threshold current density with 
increasing pressure confkms the presence of carrier leakage mechanisms in these devices. 
However, calculated pressure coefficient of leakage level suggests that the leakage path 
involves states with a weaker pressure dependence, such as localized defect states, which is 
also observed in Ga(NAsP)/ GaP quantum weU lasers. From the pressure dependence of 
leakage level we estimated that there may be as much as 4.0±0.2% of nitrogen incorporated 
in the GaP spacer region in these devices. The BAG model predicts a nitrogen concentration 
of ~2.0% in the active region, suggesting a nitrogen incorporation of around ~5% in the GaP 
spacer region of these devices. Hence the BAG model does not agree with the calculation 
(fiom the pressure coefficient of leakage level) of diffused nitrogen contents in the GaP 
spacer region. This suggests that there may be a diffusion of nitrogen from the GaP spacer 
region to the (BGa)(AsP) barrier region. It is found that a double quantum well structure 
slightly improved the device performance by reducing the non-radiative carrier leakage 
mechanism compared to the single quantum well structure. Moreover, an optimization of 
miscut angle of silicon substrate reduced the defect related monomolecular recombination 
from ~78% down to ~64% of threshold current density at 80 K. This leads to an 
improvement in threshold current density from ~3.2 kAcm'^ down to ~0.87 kAcm'^.
In Ghapter 7, we have investigated the GaAsSb/GaAs quantum well lasers to correlate 
the device growth temperature and device structure with the carrier recombination 
mechanisms to aid in the design and optimization of GaAsSb/GaAs-based edge-emitting
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lasers and VCSELs. The incorporation of GaAsggPg ^  strain compensating layer in the 
GaAsSb/ GaAs device structure reduced interface imperfection and the associated defect 
density and consequently reduced the thermally activated non-radiative processes. As a result, 
the radiative recombination is increased from ~16% to ~27% and therefore an improvement 
in the threshold current density from ~253 Acm"  ^ to ~229 Acm'^ and characteristic 
temperature from 51 K to 66  K at room temperature. Moreover, a multi quantum well 
GaAsSb/GaAs lasers structure increased the optical confinement factor and differential gain 
at lasers threshold compared to a GaAsSb/GaAs single quantum well lasers structure. As a 
result, the radiative recombination is further increased from ~27% to ~33% and therefore a 
further improvement in the threshold current density from ~229 Acm’^ /QW to ~207 Acm" 
^/QW and characteristic temperature from 66  K  to 73 K at room temperature. The reduced 
quasi-Fermi level splitting in a multi-quantum well structure also improved the emission 
wavelength from ~1236 nm to ~1253 nm. An optimization of GaAsSb/GaAs lasers growth 
temperature reduced Sb segregation and the associated defect density and consequently 
reduces the thermally activated non-radiative processes. As a result, the radiative 
recombination is increased from ~7% to ~24% and therefore an improvement in the 
threshold current density from ~533 Acm’^ /QW to ~138 Acm'^/QW and characteristic 
temperature fiom 51 K to 62 K at room temperature. At room temperature, a rapid increase 
in threshold current (compared to radiative current) with increasing pressure in 
GaAsSb/GaAs quantum well lasers suggests the presence of carrier leakage mechanism. An 
initial decrease in threshold current with increasing pressure is also observed at room 
temperature in one device structure which is an evidence of Auger recombination 
mechanisms in this device. At 80 K, threshold current increases with increasing pressure at 
the similar rate to indicating that radiative recombination dominates at this low 
temperature. Hence the GaAsSb/ GaAs laser’s performance is still limited by the defect. 
Auger and carrier leakage mechanisms.
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8.1 Future work
Although this work reports a significant performance improvement in the 
Ga(NAsP)/ GaP quantum well lasers compared to the previously reported similar devices but 
device performances are still far from ideal. Further work is required to remove the efficiency 
limiting processes in Ga(NAsP)/GaP quantum well lasers. This work identified that the 
performances of Ga(NAsP)/GaP quantum well lasers are limited by the higher optical or 
recombination loss and carrier leakage mechanism through the nitrogen induced localized 
defect states. This work also reported that an increase in barrier growth temperature reduces 
the nitrogen induced localized defect states. Hence, a careful optimization of the barrier 
growth temperature should be considered during the next Ga(NAsP)/GaP quantum well 
laser growth session. Moreover, nitrogen diffusion and optical loss via nitrogen induced states 
which are mentioned in this work are not yet conclusive. Further careful study needs to be 
undertaken to investigate these possibilities. A device structure should be grown by varying 
the barrier growth temperature and devices should be processed using the same processing 
techniques. These devices should be used to investigate the nitrogen content in different 
layers and the corresponding recombination and loss mechanisms in the devices. A reduction 
in the threshold carrier density through the use of multi-quantum well structure also should 
be investigated, which may further reduce the carrier leakage mechanism. A further careful 
design of the laser layer sequence to optimize optical and electrical confinement wül be 
useful. A high reflection coating at the lasers facets may be considered to reduce the rmrror 
losses in these devices. The authors expect that future research wiH result a high quality 
Ga(NAsP)/GaP quantum weU lasers. If this can be achieved then the integration of 
Ga(NAsP)/ GaP quantum weU on silicon substrate wUI be a positive step towards the 
monoUthic integration of long term stable laser diodes to be used in siUcon microelectronics 
technology.
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This work reports that by varying the boron composition in (BGa)P alloys gtown on 
silicon one can tune the lattice mismatch between it and the silicon substrate at different 
growth temperatures. The direct and indirect band gap of (BGa)P alloys as a function of 
boron composition revealed in this work show the potential of (BGa)P alloys as a cladding, 
contact and strain compensating layers for the future integration of Ga(NAsP) active material 
on silicon substrate. However further work is required to investigate the pressure dependence 
of r  and X minima in (BGa)P alloys, which are important parameters for device design and 
modeling. Spectroscopic investigation of (BGa)P alloys under high hydrostatic pressure 
should be considered. Furthermore, the (BGa)(AsP) alloys are suitable for the waveguide of 
Ga(NAsP)-based laser on silicon substrate. However, (BGa)(AsP) is a little known material 
system with very little, if any published experimental data on its optical characteristics. 
Detailed experimental and theoretical studies should be undertaken to reveal the dependence 
of the direct and indirect band gaps for (BGa)(AsP) layers as a function of boron and arsenic 
composition. The pressure dependence of F and X minima in (BGa)(AsP) alloys also should 
be investigated. The investigation of transport properties of (BGa)P and (BGa)(AsP) alloys 
win be useful for device design. The authors expect that future research on (BGa)P and 
(BGa)(AsP) alloys wUI result an optimized design of Ga(NAsP)-based quantum well lasers on 
silicon substrate using (BGa)P strain compensating and (BGa)(AsP) waveguide layer.
Although this work reports the electrical injection lasing operation in novel 
Ga(NAsP)/(BGa)P/Si quantum well lasers for the fust time but device performances are 
limited by the defect related monomolecular recombination. Further work is required to 
remove the efficiency limiting processes in Ga(NAsP)/(BGa)P/Si quantum well lasers. This 
work identified that the defect related monomolecular recombination drastically increased 
when Ga(NAsP)-based active material is transferred from GaP substrate to silicon substrate. 
Hence, the defects are originating from the integration processes of Ga(NAsP)-based active 
material on siHcon substrate. A defect free GaP nucléation layer on siHcon plays crucial role
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for the defect free integration of this novel material on siHcon substrate. Future work requires 
a careful review of GaP nucléation process on siHcon to completely avoid the propagation of 
defects in the III-V growth direction. This work revealed that siHcon substrates close to 
optimum miscut angle from (00 1 ) orientation to one of the (110) direction reduced the defect 
related monomolecular recombination and increased the device performance significantly. A 
non-optimum miscut angle increases the possibiHty of the formation of monoatomic steps in 
the homoépitaxial siHcon buffer layer on siHcon substrate, which acts as seed for the 
formation of defects in the III-V growth direction. In future, GaP nucléation layer should be 
grown under the similar growth conditions on siHcon substrate as a function of miscut angle 
to determine the optimum miscut angle. But a complete monoatomic step free homoépitaxial 
siHcon buffer layer on an exact (001) siHcon substrate wHI be hard to achieve. Currently, a 
GaP overgrowth layer is deposited on the thin GaP nucléation layer to self-annihilate the 
remaining antiphase disorder. However, defects may still propagate in the III-V growth 
direction, as observed from the Ga(NAsP)/(BGa)P/Si quantum well lasers characteristics in 
this work. In future, growth of GaP nucléation layer can be considered inside the SiOg trench 
confined region on a siHcon substrate. Here threading dislocations arising from the lattice 
mismatch wHl be trapped at vertical side walls confining the growth region. A further GaP 
overgrowth layer on the GaP nucléation layer may completely self-annihilate the remaining 
antiphase disorder. This work also identified the diffusion of nitrogen from Ga(NAsP) active 
region to GaP and (BGa)(AsP) barrier regions, which create nitrogen induced localized defect 
states and non-radiative N-B bonds, respectively. In future, proper growth conditions should 
be investigated to avoid the diffusion of nitrogen. Moreover, instead of boron, the 
incorporation of nitrogen into GaP also can be used to adjust the lattice mismatch between it 
and siHcon. In future, the GaNP strain compensating layers instead of (BGa)P layers should 
be investigated. A GaNP strain compensating layer wH remove the formation of non- 
radiative N-B bonds. A reduction in the threshold carrier density through the use of multi­
quantum well structure also should be investigated, which may further reduce the carrier
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leakage mechanism. A further careful design of the laser layer sequence to optimize optical 
and electrical confinement wiU be useful. This work also revealed that the emission 
wavelength of Ga(NAsP)/(BGa)P/Si quantum well laser is much shorter than the expected 
sihcon compatible lasers wavelength (shorter than the silicon bandgap). This is mainly due to 
the diffusion of nitrogen from the active region to the barrier region. Only ~2% nitrogen was 
found in the active region, where ~7% nitrogen was intended to incorporate in the active 
region. A careful optimization of the growth conditions are required to incorporate sufficient 
amount of nitrogen in the active region. The authors expect that future research wiH 
completely remove the defects from the Ga(NAsP)/(BGa)P/Si quantum well lasers and 
incorporate sufficient amount of nitrogen in the active region, which vdll result in room 
temperature lasing operation at wavelengths below the silicon bandgap in this novel siHcon 
compatible lasers structure. If this can be achieved then this may lead towards the 
achievement of a commercially viable solution for the fabrication of lattice-matched siHcon 
compatible lasers for optical computing appHcations as a part of the next generation green 
photonics technology.
Although this work reports a significant performance improvement in the GaAsSb/GaAs 
quantum well lasers but device performances are stül Hmited by the defect. Auger and carrier 
leakage mechanisms. Further work is required to remove the efficiency limiting processes in 
GaAsSb/GaAs quantum well lasers. This work identified that a close to optimum growth 
temperature reduced the Sb segregation and the associated defect density and consequently 
reduces the thermally activated non-radiative processes. However, the defect related 
recombination is still present in the devices. In future, a careful optimization of the growth 
temperature should be considered to further reduce the defects. The carrier leakage 
mechanism needs to be reduced for future growth of the devices. The barrier height should 
be considered to increase to provide improved electron confinement, which can be achieved 
by an investigation of different barrier materials, electron blocking layers or reduction of the
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carrier density through multi-quantum well samples. The decrease in carrier density wiH also 
reduce the Auger recombination mechanism in GaAsSb/GaAs lasers. However, it will be 
difficult to completely remove the Auger recombination mechanism in GaAsSb/ GaAs 
material. A new GaAs-based material system Hke GaAsBi needs to be investigated, which can 
eliminate the Auger process significantly due to the large spin orbit spHtfing as recently 
reported [236, 237].
Appendix A: Ga(NAsP) / GaP quantum well laser structure
In Chapter 4, two different Ga(NAsP)/GaP quantum well lasers (named as device A and 
B) are investigated. Both devices A and B have similar structure but different barrier growth 
temperature. The barriers of device A and B were grown at 675°C and 575°C, respectively. 
This set of samples have been grown and fabricated by the Phüipps-University at Marburg, 
Germany. A schematic of the devices and layer thicknesses can be seen in Figure AT
M a t e r i a l T h i c k n e s s  [ n m ]
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AIGaP 23%:Te 300
AIGaP 23%:Te 700
AIGaP 23%:Te 500
GaP:Te 300
GaP Substrat
Figure At: A schematic of Ga(NAsP)/GaP quantum weU lasers (for both device A and B).
The devices were grown in a commercial metal organic vapour phase epitaxy (MOVPE) 
horizontal reactor system (Aix 200) on exactly oriented n-(lOO) GaP:S substrates. Due to the 
metastable character of the specific low temperamre (575 C) MOVPE growth conditions for 
Ga(NAsP) the more efficiently decomposing group-V-sources tertiarybutyl arsine (TBAs), 
tertiarybutyl phosphine (TBP) and 1,1-dimethyl hydrazine (UDMHy) in combination with the
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group-III-sources triethyl gaUium (TEGa), and tnmethyl aluminum (TMAI) were applied. The 
active region consists of a 6.2 nm Ga(NAsP) SQW within two 200 nm thick undoped GaP 
separate confinement heterostructure (SCH) layers and embedded in between 1.5 pm thick n- 
(Alg ggGag yy)P:Tc and p-(Alg2 3 GagQP:Zn layers which were deposited at 725°C and 675°C 
(575°C for device B), respectively. In addition, 300 nm-thick n-GaP:Te and 100 nm-thick p"^ - 
GaPrZn layers were grown as buffer and contact layers, respectively. Further details of the 
MOVPE growth process can be found elsewhere [238].
Appendix B: Parameters for the theoretical calculations
Parameter GaAs GaP BP GaSb
Lattice constant, a (A°) 5.6533 5.451 4.538 6.096
Energy band gap, Æ'J (eV) 1.519 2 . 8 8 6 5 0.812
Energy band gap, (eV) 1.981 2.35 2 . 0 1.141
Energy band gap, (eV) 1.815 2.72 2 . 0 2 0.875
Spin-orbit splitting, (eV) 0.341 0.08 0.76
Elastic stiffness constant, 
(1 0 " dyne/cm^)
1 2 . 2 1 14.05 31.5 8.84
Elastic stiffness constant, Cj2  
(1 0 "  dyne/cm^)
5.66 6 . 2 0 1 0 . 0 1 4.02
Hydrostatic deformation potential, 
/ ( e V )
p I  = -1A1 -8 . 6 -17.5 ;?I=-7.5
p I  = AA6
Hydrostatic deformation potential,
y ( e V )
1 . 6 Between
1 - 2
Shear deformation potential, (eV) -1.7 -1 . 6 -3.8 - 2
Shear deformation potential, (eV) 6.5
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Appendix C: G a(N A sP)/(B G a)P/Si quantum well laser
structures
In Chapter 6 , four different Ga(NAsP)/(BGa)P/Si quantum well lasers (named as device 
#16195, device #16052 on 4” silicon substrate, device #16052 on 2” siHcon substrate and 
device #16053) are investigated. This set of samples have been grown and fabricated by the 
PhiHpps-University at Marburg, Germany. A schematic of the devices and layer thicknesses 
can be seen in Figure Cl.
Material Thickness[nm]
BGaAsP:Zn 100
BGaPiZn 600
BGaP:Zn 600
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Figure Cl: Schematic of Ga(NAsP)/(BGa)P/Si quantum well lasers, (a) Device #16195 
without (BGa)(AsP) grading and improved doping, (b) Device #  16052 with (BGa)(AsP) 
grading. Device #16052 was grown on siHcon substrate with two different miscut angles, (c) 
Device #  16053 is similar to Device #  16052 but with three quantum well.
The devices were grown in a commercial metal organic vapour phase epitaxy (MOVPE)
horizontal reactor system (Aix 200). The III/V  growth starts with a GaP nucléation layer of
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approximately 50 - 100 nm thickness. This nucleation layer is followed by a 1500-nm-thick 
o^.ossGagggyP layer. The MOVPE growth took place in a commercially available Aixtron (AIX 
200) reactor system at a temperature of 575°C applying all-liquid precursors. Tertiarybutyl 
phosphine, tertiarybutyl arsine, unsymmetric dimethyl hydrazine, triethyl gallium and triethyl 
boron were used as sources for P, As, N, Ga and B, respectively. The active region consist of 
a Ga(NAsP) quantum well (three quantum well for device #16053) within (B_g%Ga)- 
(As_ii%P)/GaP/Ga(N~-7%As 8^ oo/„P)/GaP/(B^5 o/„Ga)-(As^ iio/„P) (150nm /3nm /5nm /3nm /l 50
nm). For the doping of the contact layers diethyl zinc (DEZn) and diethyl tellurium (DETe) 
were chosen as sources for Zn and Te as p- and n-dopants, respectively. More details, in 
particular about the MOVPE growth of these devices can be found elsewhere [152].
Appendix D: GaAsSb/GaAs quantum well laser structures
In Chapter 7, five different GaAsSb/GaAs quantum well lasers (named as device #B899, 
device #L0611, device #L0612, device #B770 and device #B773) are investigated. This set of 
samples have been grown and fabricated by the Arizona State University at USA. The 
schematic of these devices are shown in Chapter 7.
The devices were grown using solid source MBE under similar growth conditions. Device 
#B899 has an active region containing one GaAs/GaAsg ySbg 3 /GaAs (15nm/7nm/15nm) 
strained QW, device #L0611 has an active region containing one GaAsggPg y GaAs/- 
GaAsoySboj/GaAs/GaAsggPo.i (8nm/3nm/7nm/3nm/8nm) strain compensated QW, and 
device #L0612 has an active region containing two QWs of the same structure as device 
#L0611. Device #B770 and device #B773 consist of a triple GaAsg gP^  y  GaAs/GaAsgjSbg g/ 
GaAs/GaAsg gPo.i (9nm/5nm/7nm/5nm/9nm) strain compensated QW active region grown 
at 495 °C (device #B770) and 490 °C (device #B773). The GaAsP layers in device B and C 
provide strain compensation to increase the maximum number of highly strained QWs that 
can be grown pseudomorphicaHy and to reduce strain driven in-plane Sb segregation that 
leads to inhomogeneous linewidth broadening. The active region in each device is sandwiched 
between two 20 nm Alg^gGag ygAs layers, two 150 nm graded-index (GRIN) AIGaAs layer 
with AI concentration linearly increased from 25% to 65%, one 2 pm /^-type (Si doped, 2x10" 
cmQ Alg ggGag 3 5 AS cladding layer followed by 500 nm GaAs buffer layer at bottom, and one 2  
pm />-type (Be doped, 2x10" cmQ Alg ^ sGag j^As cladding layer followed by 100 nm GaAs cap 
layer at top. The doping concentration is decreased from 2x10" cm'^ to 1x10" cm'^ in both 
GRIN layers from cladding layer to active region and is increased to 2x10" cm'^ in GaAs cap 
layer from cladding layer to surface. The devices are fabricated using a typical broad contact 
edge-emitting laser process. The device ridges (50 and 100 pm wide) were defined using 
photolithography and inductively coupled plasma dry etching. By etching down through the
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^-GaAs contact layer and stopping about 0.1 pm above the active region, these ridges provide 
current confinement as well as waveguiding. T i/P t/A u y?-contact stripes ranging from 2 to 32 
pm were deposited using a second mask, after which the wafers are lapped down to 1 0 0  pm 
and AuGe/Ni/Au /z-metal contacts are deposited on the backside of the substrate; this is 
followed by rapid thermal annealing for both metal contacts. More details, in particular about 
the MBE growth of these devices can be found elsewhere [231].
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